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Solid oxide fuel cell (SOFC) has been well demonstrated as a promising clean 
energy conversion technology. For practical applications, the SOFC systems should have 
both good electrochemical performance and high reliability. The SOFCs are usually 
operated under very aggressive conditions, e.g., high temperatures (600-1000
o
C) and 
extremely low oxygen partial pressures (anode electrode). These aggressive operating 
conditions could lead to a variety of material system degradations, imposing great 
challenges on meeting lifetime requirement of SOFC commercial applications. It is 
therefore essential to increase the understanding of fundamental SOFC degradation 
mechanisms.  
The basic structure of SOFCs is a positive electrode-electrolyte-negative electrode 
(PEN) tri-layer assembly, in which the dense electrolyte is sandwiched by porous 
electrode on either side. Because the material is different from one layer to another in 
PEN structure, and different materials have different thermal expansion coefficients, 
thermal stress occurs in PEN structure at elevated temperatures. The thermal stress 
effects on SOFC structures have been investigated extensively, however, the chemical 
stress effects are rarely studied, particularly their effects on the delamination at the 
cathode/electrolyte interface. The study of such chemical stress is very difficult or even 




The defect transport process in conducting ceramics and non-stoichiometric 
conditions are closely related to the multi-physicochemical processes in SOFC devices, 
so the multi-physicochemical model is developed in the second section in both SOFC and 
SOEC mode. The model is validated with experimental V-I curves and utilized to 
investigate the performance degradation resulted from oxygen electrode/electrolyte 
interface delamination in chapter 3. Results indicate that delaminations significantly 
influence local charge current density distributions since the charge transport path is 
cutoff. In both parallel flow and counter flow settings, electrolysis performance is more 
sensitive to the delamination occurred at the center of the cell than those occurred at the 
edges of the cell. 
To better understand the mechanism governing the delamination phenomenon, the 
chemical stress generated due to the non-uniform oxygen vacancy distribution at the 
interface is analyzed at Micro scale. The micro model considers the complicated 
interactions between structural mechanics and ionic transport process through conductive 
defects. While both the chemical and thermal stresses are complicated at the interface, the 
chemical stresses show different distribution patterns from the thermal stresses. The 
results of combined thermal and chemical stresses show that these two kinds of stresses 
can be partially canceled out with each other, leading to the reduced overall stresses at the 
cathode/electrolyte interface. The distributions of oxygen partial pressure and thus the 
oxygen vacancy concentration on the cathode particle surface have significant effects on 
chemical stress distribution and consequently on the principal stresses at the 
cathode/electrolyte interface.  
 
vi 
For practical SOFC, the defect transport process is closely related to the multi-
physicochemical processes, to predict the chemical stress generated in the cell under 
operating condition, a mathematical model is developed to study oxygen ionic transport 
induced chemical stress in a cell level in chapter 5. Comprehensive simulations are 
performed to investigate chemical stress distribution in the PEN assembly under different 
operating conditions and design parameters as well as mechanical constraints. Principal 
stress analysis is employed to identify the weakest zones in the cell. The Weibull 
approach is utilized to analyze failure probability of each components and the elastic 
energy stored in the cathode layer is employed to evaluate potential delamination failure 
at cathode/electrolyte interface. For the first time we build a chemical-mechanical 
coupling model at a cell level and is an important module complementary to the state-of-
the-art electrochemical-thermal-mechanical model of SOFCs. 
Upon the preceding results, we can conclude that under operating conditions, 
SOFCs are subjected to hundreds of MPa internal stress, introduced by either thermal 
mismatch or chemically induced strain. Such high mechanical stress is the major 
degradation mechanism limiting the industrial development of SOFC. Meanwhile, it can 
also be a factor for the physical property variation of the conducting ceramics. In chapter 
6, we built a continuum model including space charge layers to simulate the charge 
transportation and interface reaction processes in a polycrystalline mixed ionic and 
electronic conductor (MIEC). Then, the impedance spectra of a MIEC SDC plate 
subjected to tensile stress is interpreted by the mathematical model. It indicates that when 
the MIEC ceramic is suffering from tensile stress, the ionic conductivity of the material 
will be increased, and the space charge layer will be stretched. The overall resistance of 
 
vii 
the ceramic maintains constant by the combined effects. The results give further evidence 
of ionic conductivity enhancement under tensile stress. In addition, as temperature 
increases, the width increment of the space charge layer is more significant; the ionic 
mobility growth becomes less apparent. In other words, to be benefited from the 
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CHAPTER 1  
INTRODUCTION  
1.1 FUEL CELL AS WAY OUT FOR ENERGY CRISES 
Because of the rapid growth of economy and population, more and more countries 
and societies are experiencing energy crisis due to the excessive consumption of fossil 
fuel, especially coal, oil and gas 
[1-3]
. On the other hand, the carbon dioxide emissions 
from the utilization of fossil fuels contributes significantly to global climate change with 
potentially catastrophic consequences 
[4-6]
. To address these challenges facing the world, 
there is an increasing interest to develop renewable and clean energy technologies, such 
as fuel cell technology. 
Fuel cells can convert the chemical energy in fossil fuels into electrical power in 
an electrochemical manner directly 
[7, 8]
 and have attracted significant attentions from 
both the scientific research centers and the profitable industries for the last few decades. 
Depending on the materials and transport mechanisms, fuel cells can be classified into 
proton exchange membrane fuel cell (PEMFC) 
[9-11]
, solid oxide fuel cell (SOFC) 
[12-14]
, 
alkaline fuel cell (AFC) 
[15, 16]
, molten-carbonate fuel cell(MCFC) 
[17, 18]
, phosphoric-acid 
fuel cell (PAFC) 
[19, 20]
, and direct-methanol fuel cell (DMFC) 
[21, 22]
. Among these fuel 
cells, SOFCs demonstrate very unique advantages such as fuel flexibility, high system 




1.2 INTRODUCTION OF SOLID OXIDE FUEL CELLS 
The basic structure of solid oxide fuel cells (SOFCs) is a positive electrode-
electrolyte-negative electrode (PEN) tri-layer assembly, in which the dense electrolyte is 
sandwiched by porous electrodes on either side. It can work under either solid oxide fuel 
cell (SOFC) mode or solid oxide electrolysis cell (SOEC) mode. 
                    
1.2.1 SOFC operating mode 
SOFCs include very complicated transport processes and electrochemical 
reactions. As shown in Figure 1.1, taking an ionic conducting electrolyte based SOFC as 
an example, at the cathode side, the oxygen gas is fed into the cathode channel, and 
subsequently diffuses into porous cathode electrode, where the oxygen molecules 
combine with electrons from external circuit and form ions. The ions then transport 
through the dense electrolyte to the anode side. At the anode side, the fuel (e.g., hydrogen) 
flows into the anode channel and subsequently diffuses into the porous anode, where 
hydrogen molecules combine with oxygen ions and form water molecules and release 
electrons. The electrons then transport to the cathode side through external circuit, 
Figure 1.1 Illustration of SOFC  
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providing useful electricity. The electrochemical reactions in the anode and cathode can 
be described respectively as follows, 
2
2 2 2H O H O e




O e O                                                       (1-1) 




H O H O                                                                                        (1-2) 
1.2.2 SOEC operating mode 
The reverse operation of SOFC leads to SOEC mode. As shown in Figure 1.2, an 
electric potential sufficient for electrolysis is applied to the SOEC. Vapor/hydrogen gas 
mixture and air are supplied to the cathode and anode flow channels, respectively. At the 
cathode (hydrogen) side, vapor molecules transport through the porous cathode layer to 
the triple phase boundary (TPB) site, where the gas phase, electronic conducting material, 
and ionic conducting material meet together, and vapor is dissociated into hydrogen 
molecules and oxygen ions with a supply of electrons from external circuit. The hydrogen 
molecules then diffuse out of porous cathode electrode into the channel. The oxygen ions 
subsequently migrate to the anode (oxygen) side through the dense electrolyte. At TPB 
sites of the anode electrode, oxygen ions release electrons and form into oxygen 
molecules. The oxygen molecules then diffuse out of porous anode into the channel while 
the released electrons transport to the cathode side through external circuit. The 
electrochemical reactions at the cathode and anode can be described respectively as 
follows, 
2
2 22H O e H O




O O e                                                     (1-3) 






H O H O                                                                                    (1-4) 
                 
1.3 INVESTIGATION OF DEGRADATION IN SOFCS 
The SOFC has been well demonstrated as a promising clean energy conversion 
technology. For practical applications, the SOFC systems should have both good 
electrochemical performance and high reliability. The SOFCs are usually operated under 
very aggressive conditions, e.g., high temperatures (600-1000
o
C) and extremely low 
oxygen partial pressures (anode electrode). These aggressive operating conditions could 
lead to a variety of material system degradations, imposing great challenges on meeting 
lifetime requirement of SOFC commercial applications.   
As shown in Figure 1.3, the patterns of mechanical degradations can be classified 
into three types: vertical cracking in the cathode, vertical cracking in the electrolyte, and 
delamination near the cathode/electrolyte boundary. The performance degradations of 
SOFCs are frequently reported in open literature. However, the fundamental degradation 
mechanisms are not well understood. There have been various efforts toward the 
investigations of SOFC degradation mechanisms, such as material stability, redox 
Figure 1.2 Illustration of SOEC 
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stability, coarsening of the microstructure due to sintering, thermal mismatch and 
chemically induced expansion. 
 
Figure 1.3 (a) Schematic representation of fracture pattern in SOFC button cell 
[23]
;(b) 
SEM image of a partially delaminated cathode layer on YSZ electrolyte 
[24]
;(c) SEM 
image of the cracks in the electrolyte 
[25]
;(d) SEM image of the cathode/electrolyte 




1.3.1 Material stability 
[27]
 
In addition to mechanical degradation, SOFCs also suffer from the issue of 
material stability. For example, phase separation take place in the electrolyte of 3-8.5 
mol% Yttrium doped zirconia under operating conditions of the corresponding SOFC 
[28]
. 
The tetragonal phase with 2.5-3 mol% Y2O3 content has lower conductivity by a factor of 
3 than that with 8-8.5% Y2O3 
[29]
. Accordingly, the conductivity of the electrolyte is 
decreased and the fuel cell performance degrades. 
SOFCs are fuel flexible, which can be operated on both hydrogen and 
hydrocarbon fuels. When hydrocarbon is used as the fuel, carbon deposition on the 
catalysis surface could take place. As a result, catalytic property of anode electrode 
would be deactivated 
[30, 31]











Under high temperature and multi-physics operating conditions, chemical 
reactions could take place between different materials in PEN assembly. Manganese-
based perovskites with lanthanum and strontium on the A site (LSM) and yttria stabilized 
zirconia (YSZ) are widely used cathode and electrolyte materials respectively. The 
chemical reactions at LSM/YSZ interface generate the insulating phases of SrZrO3 or 
La2ZrO7 
[34, 35]
. The occurring of insulting phases would significantly deteriorate the 
conductivity of materials and PEN assembly 
[36, 37]
. 
1.3.2 Redox stability 
Nickel cermet is a state-of-the-art anode material. At elevated temperatures, the 
nickel oxide is reduced to nickel in reducing atmosphere (e.g., hydrogen). Once the fuel 
supply is stopped, the gas with oxygen flows into the anode electrode, the nickel will be 
oxidized to form nickel oxide 
[38]
. The alternating reduction and oxidation of nickel 
cermet anode will lead to significant dimensional change of porous anode 
[39-45]
 and stress 
in SOFCs 
[38, 40, 42, 43, 46, 47]
. 
1.3.3 Coarsening of the microstructure due to sintering
[48]
 
The material with high curvatures tends to diffuse to the area with low curvature 
to lower the overall free energy of the system at elevated temperatures. For nickel cermet 
anode, nickel particles experience coarsening driven by the capillary process. The particle 
size will be enlarged, which is known as Ostwald ripening 
[49]
. Furthermore, the three 
phase boundary sites will decrease, which will lead to the performance degradation. 
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1.3.4 Thermal Mismatch 
Thermal stresses have been widely recognized as one of the main factors leading 
to the structural failure of SOFCs 
[50, 51]
. Thermal stresses could be induced in the 
materials through several ways. During the cooling of the cell after being sintered at very 
high temperatures, stresses arise in the materials due to the mismatch in thermal 
expansion coefficients (TEC) between different layers of the cell 
[51]
. Such stresses 
generated during cell fabrication processes are generally regarded as residual stresses. 
Residual stresses can also be expected if the cooling rates are not slow enough to sustain 
a quasi-steady heat transfer resulting in spatial temperature gradients 
[52]
. The most 
widely investigated situations are thermal stresses induced by spatial temperature 
gradients during the fuel cell operations 
[50-54]




1.3.5 Chemical induced strain 
The mechanical and electrical properties of oxide ion conductors depend on 
defect concentrations. Increasing oxygen vacancy concentration leads to higher oxygen 
ion conductivity and changes in oxygen vacancy concentration can lead to dimensional 
changes in the bulk material 
[56, 57]
. 
1.3.5.1 Gadolinium doped ceria 
For example, the Gadolinium doped ceria has a CaF2 (Cubic) crystal structure, 





 in GDC) that form a face-centered cubic (fcc) cation sublattice. The eight 
tetrahedral interstitial sites of each fcc unit cell are occupied by oxygen ions or vacancies, 




The oxides become oxygen deficient through oxygen vacancy formation at high 
temperatures in low PO2 while maintaining the fluorite structure 
[57-61]
. The oxygen 
deficiency readily occurs because Ce
4+
cations are easily reduced to Ce
3+
cations. Then, 
oxygen vacancies are generated to compensate the extra charge. The defect formation 
results in a chemical expansion because of electrostatic repulsion between defects and 
their surrounding atoms as well as the larger crystal radius of reduced cerium (Ce
3+
) 




LSCF is an ABO3 type of the perovskite, the crystal structure of LSCF is shown 
in Figure 1.5. The lattice constant of LSCF is 3.925 . La/Sr occupies the A site, which is 
much larger than Co/Fe atom in B site. The ideal cubic-symmetry structure has the B 
cation in 6-fold coordination, surrounded by an octahedron of anions, and the A cation in 
12-fold cuboctahedral coordination. Another example of ABO3 type of the perovskite is 
La1-xSrxCoO3-δ as investigated by Adler and Atkinson 
[62, 63]
. The mixed electronic ionic 
O 
𝑽𝑶






Figure 1.4 The crystal structure of GDC electrolyte 
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conducting oxide contains transition metal cation to provide high electronic conductivity 
and is likely to become oxygen deficient under reducing conditions. The extra vacancy 
will lead to an increase in the lattice parameter of the oxide crystal.  
                 
1.4 STUDY OF THERMAL STRESS 
The basic structure of SOFCs is the positive-electrode/electrolyte/negative-
electrode (PEN) tri-layer assembly. Because the materials are different from one layer to 
another, the thermal stress occurs at elevated temperatures due to thermal expansion 
mismatch. In open literature, the thermal stress issues in SOFCs have been studied 
extensively using modeling approach. Kim et al. studied thermal stress of functionally 
graded SOFCs with assumed temperature distributions 
[64]
. Liu et al. investigated the 
thermal stress at electrode/electrolyte interface, upon which lifetime of SOFCs was 
predicted under assumed thermal cycling conditions 
[54]
. Since the thermal stress is 
dependent on the temperature distribution across SOFC structure, the multi-physics 
electrochemical model is usually needed to determine the temperature distribution, upon 
a 
𝑽𝑶





Figure 1.5 The crystal structure of LSCF cathode 
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which thermal stress is calculated. Clague et al. analyzed thermal stress of anode-
supported SOFC under duty cycles using the temperature distribution predicted by 
computational fluid dynamics model 
[65]
. Peksen et al. performed the transient thermal-
mechanical analysis for an SOFC short stack using the similar approach 
[66]
. Khaleel et al. 
carried out stack thermal stress analysis using the temperature profile calculated from the 
coupled electrochemistry, thermal and flow analysis 
[67]
. All of these represent significant 
progress toward thermal stress analysis of SOFC structures.  
1.5 STUDY OF CHEMICAL INDUCED STRAIN 
SOFCs require materials with the ability to release or store oxygen in addition to a 
high concentration of oxygen vacancies for high oxygen ionic conductivity 
[68]
. The 
transport of oxygen ion through oxygen vacancies may lead to the effect that the 
distribution of oxygen vacancy concentration is not uniform within the bulk materials, 
which would cause different volumetric expansions within the materials. As a result, 
chemical stress occurs in oxygen ionic conducting materials. In open literature, the 
thermal stress effects on SOFC structures have been investigated extensively, however, 
the chemical stress effects are rarely studied, particularly their effects on the delamination 
at the cathode/electrolyte interface. 
Early studies try to understand and build the correlations between (oxygen vacancy) 





 and Adler 
[62]
. Later on, there are 
several literatures to study the chemical stress in the GDC electrolyte only through 1-D 




, Krishnamurohy et al.
[75]
, Swaminathan et 
al.
[76-78]
 , Terada et al. 
[79]
., representing a significant progress towards the understanding 
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of chemical-mechanical coupling in a component of SOFCs at continuum scale. 
However, practical SOFCs involve very complicated physicochemical process 
particularly in porous electrodes. These processes and operating conditions could 
generate complicated chemical stresses in SOFC structure. For example, hydrogen (pure 
or derived from hydrocarbon) is used as the fuel to the GDC/Ni composite anode. 
Accordingly the anode porous structure is exposed to the hydrogen with low oxygen 
partial pressure. At elevated temperatures, the GDC material releases or stores oxygen in 
order to maintain the oxygen equilibrium. As a result, oxygen vacancies vary in the solid, 
generating chemical stresses in the SOFC structure. Depending on the specific designs of 
SOFCs and operating conditions, the chemical stresses could be further complicated.  
1.6 OBJECTIVES OF THIS DISSERTATION 
The study of such chemical stress is very difficult or even impossible for present 
experimental techniques, but could be potentially feasible for modeling techniques.  
Nevertheless, modeling of processes described above needs mechanical-chemical 
couplings under comprehensive multi-physicochemical processes enabling SOFC 
operations. The objective of this research is to develop an innovative model of SOFCs to 
study the chemical-mechanical coupling phenomena subjected to the effects of 
complicated multi-physicochemical processes. Based upon the model development, the 
structural reliability due to chemical stress will be evaluated and correlated to different 
operating conditions of SOFCs. The model will link the multi-transport processes and 
electrochemical reactions to the solid mechanics of functional materials. In addition, the 




1.7 DISSERTATION ORGANIZATION 
The study of this dissertation is divided into seven chapters. In chapter 2, a 2D 
CFD model is built to simulate the multi-physics processes in the planar solid oxide fuel 
cell. The model is employed to investigate complicated responses of the cell during the 
transient process of mode switching. Then, the model is modified and applied in SOEC 
mode for delamination study in chapter 3. To better understand the mechanical failure of 
delamination at cathode/electrolyte interface, a micro model is developed to study the 
cathode/electrolyte interfacial stresses in chapter 4. In chapter 5, an innovative model at a 
cell level is developed to study chemical-mechanical coupling phenomenon. The model 
considers the chemical stress in PEN structure induced by complicated multi-
physicochemical processes. In chapter 6, a continuum model is developed, linking the 
charge transport processes in a polycrystalline mixed ionic and electronic conductor 
(MIEC) to the electrochemical impedance spectroscopy response. The model is employed 
to interpret the experimental data of an MIEC SDC slab subjected to tensile stress. In the 




CHAPTER 2  
MATHEMATICAL MODELING ANALYSIS OF REGENERATIVE SOLID OXIDE FUEL 
CELLS IN SWITCHING MODE CONDITIONS 
2.1 INTRODUCTION 
Solid oxide fuel cell (SOFC) is one of promising clean energy technologies that 
convert the chemical energy of hydrogen into electronic energy directly 
[80]
. 
Mathematical modeling technique has been proved a cost effective method in 
fundamental mechanism understanding and optimization designs of SOFCs at different 
levels. In this respect, steady state models have been developed extensively to study 
various internal parameter distributions including heat transfer, mass transport, charge 
migration, and electrochemical reactions and their links to SOFC performances 
[81-85]
. 
Transient models have also been utilized to investigate SOFC dynamic behaviors 
[86-93]
.   
The SOFC can also be operated in electrolysis mode, e.g., solid oxide electrolyzer 
cell (SOEC), where hydrogen/oxygen is generated with the consumption of electricity. In 
this respect, SOEC models have been developed in literature, most of which are steady 
state 
[94-100]
; few models can be found for transient performance investigations.   
When a solid oxide cell/stack is operated in SOFC mode and SOEC mode 
alternatively, energy sustainability could be implemented. In this regenerative operating 
mode, SOFC/SOEC system is able to better utilize and support electricity grid. When 
grid electricity demand increases, SOFC mode turns on to generate electricity for the 
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grid; when grid electricity demand decreases, SOEC may utilize grid electricity to 
produce hydrogen. During the switching process between SOFC mode and SOEC mode, 
there will be very complicated transient interactions between electrochemical reactions 
and transport processes. The fundamental mechanism understanding under the switching 
mode will play a significant role for SOFC/SOEC system design and operations. 
However, no research can be found in open literatures for this purpose.  
This research aims at investigating transient behaviors of SOFC/SOEC in 
switching mode conditions using mathematical modeling approach. The research 
considers a general 2-D model that includes flow channels and positive electrode-
electrolyte-negative electrode (PEN) assembly. The research goal is to elucidate the 
complicated interactions among transport and electrochemical processes when the cell is 
switched from one operating mode to another.  
2.2 MATHEMATICAL MODEL 
 
The geometry of a planar 2-D hydrogen electrode supported solid oxide cell is 
illustrated in Figure 2.1, including flow channels and PEN assembly. Since the cell could 
be operated in either fuel cell mode or electrolysis mode, steam (H2O) is assumed in both 
hydrogen channel and oxygen channel. As a result, gases in hydrogen electrode side are 
Figure 2.1 Schematic of a 2D planar SOFC 
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the mixture of H2 and H2O while those in oxygen electrode side are the mixture of H2O, 
O2 and N2. In the model, we assume isothermal conditions; the reactant gas mixtures are 
approximated as ideal gases; composite electrodes are assumed so that electrochemical 
reaction sites are uniformly distributed in hydrogen and oxygen electrodes.  
For SOFC mode, oxygen flows into oxygen channel and diffuses into porous 
oxygen electrode, where oxygen molecules combine with electrons coming from external 
circuit, and forms into oxygen ions. The oxygen ions migrate through the dense 
electrolyte to the hydrogen electrode. At the hydrogen side, steam and hydrogen flow into 
the hydrogen channel. The hydrogen then diffuses into porous hydrogen electrode, where 
hydrogen molecules combine with oxygen ions coming from the oxygen electrode, and 
form into steam and release electrons. The electrons then transport through external 
circuit from hydrogen electrode to oxygen electrode. As a result, electricity is generated. 
When an external voltage, greater than the open circuit potential of a SOFC, is applied to 
the cell, the SOFC mode of the cell is switched to SOEC mode. In this scenario, the 
internal transport and electrochemical reactions will reverse. Specifically, steam at the 
porous hydrogen electrode is split into hydrogen molecules and oxygen ions with a 
supply of electrons from external circuit. The oxygen ions then migrate via the dense 
electrolyte to the oxygen electrode, where oxygen ions then form into oxygen molecules 
and release electrons. The electrons then transport from oxygen electrode to hydrogen 
electrode through external circuit. During the process, hydrogen and oxygen are produced 
and electricity is consumed. The corresponding mathematical model, describing the 
transport and electrochemical processes within a solid oxide cell operated in both SOFC 
mode and SOEC mode, is detailed as follows. 
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2.2.1 Charge Balance 
Both electronic and ionic transports are allowed in composite electrodes, while 
electrolyte only allows ions to migrate through. According to the generalized Ohm's law, 
the governing equations for charge balance can be described as, 
( )e e a ictS i             (2-1) 
( )i i a ictS i             (2-2) 
Where e  and i  are electronic and ionic conductivities, e  and i  are electronic 
and ionic potentials respectively. aS  the effective triple phase boundary (TPB) length. 
The signs in the right side of Equations (2-1) and (2-2) is dependent on the cell mode. In 
SOFC mode, oxygen electrode serves as ion sources and electron sinks, while hydrogen 
electrode serves as ion sinks and electron sources. In SOEC mode, the sources and sinks 
will be reversed.  
icti in Equations (2-1) and (2-2) is the current density and is represented using 
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Here h  and o are overpotentials in H2 electrode and O2 electrode respectively, 
and are defined in Table 2.1 for SOFC mode and SOEC mode.  
 
Table 2.1 The signs of the equations for SOFC and SOEC modes 
 










1( )electronic a ictS i       - + + - 
2( )ionic a ictS i       + - - + 
 electronic ionic eq        + - - + 
Source term for O2 N/A - N/A + 
Source term for H2O + 0 - 0 
Source term for N2 0 0 0 0 
Source term for H2 - N/A + N/A 
 N/A: not applicable.  
2.2.2 Multicomponent Transport 
The gas transport is described by the Maxwell-Stefan’s diffusion and convection 
equations, 
1
( ( ( ) ( ) ))
k
i
i i ij j j j j i
j j
M M p
u D x R
t M M p

      

  
      

  (2-10) 
Where ωi is the weight fraction of species i. The source term iR is determined by 









         (2-11) 
2.2.3 Gas-Flow Equations 
The weakly compressible Navier-Stokes equations govern the flows in the open 
channels, 
2
( ) [ (( ( ) ) ( ) )]
3
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       (2-13) 
where μ is the dynamic viscosity, I the momentum. 
In porous electrodes, the Brinkman equation is used to describe the flow, 
2
( ) [ ( ( ) ( ) )]
3
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       (2-15) 
where ε and κ denote, respectively, the porosity and permeability of the 







        (2-16) 
2.3 EXPERIMENTAL AND MODEL VALIDATION 
The V-I curves are first obtained using an in-house prepared cell. In the 
experimental, the powder mixture of NiO-YSZ and organic additives were dry-pressed 
into a pellet as hydrogen electrode substrate. A layer of YSZ powder was put on the 
surface of the substrate, co-pressed to form bilayer structure consisting of hydrogen 
electrode and electrolyte. The bilayer structure was then sintered at 1450
0
C in air for 5h. 
The La0.8Sr0.2MnO3 (LSM) powders synthesized by a glycine–nitrate–process (GNP) 
were intimately mixed and ground with fine YSZ powders and organic additives to form 
an ink, with which the YSZ electrolyte surface of the YSZ/NiO–YSZ bilayer was painted 
and fired at 1250 
o
C for 2 h to form oxygen electrode. The obtained button cell has a 
diameter of 12 mm, oxygen electrode area of 0.35 cm
2
, hydrogen electrode thickness of 
400 μm, electrolyte thickness of 30 μm and oxygen electrode thickness of 50 μm, 
respectively. The cell was then tested in both SOFC mode and SOEC mode. In SOFC 
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mode, the mixture of 70% vol H2 and 30% H2O was used as a fuel, the ambient air as the 
oxidant. After sweeping a V-I curve in SOFC mode, the applied voltage increased so that 
SOFC mode was switched to SOEC mode. The corresponding V-I curves were recorded 
in different temperature conditions as shown in Figure 2.2.  
 
The mathematical model is solved using COMSOL Multiphysics 3.5. The 
physical parameters used in the model are summarized in Table 2.2. The parameters 
denoted by “**” are difficult to determine in the experiment and are used as adjustable 
parameters to fit the model predictions with experimental results. As shown in Figure 2.2, 
the simulation results agree very well with experimental results. The overall consistency 
between the experimental data and the simulated results indicates that the present model 
is reasonable. While the model may need further validation for general planar solid oxide 
cells, the physical parameters obtained here will be employed for numerical analysis in 
different cell geometry dimensions. 
 
Figure 2.2 Comparisons of model predictions with experimental results 
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Table 2.2 Physical parameters used in the model 
 
Parameters Values Explanation 
hd * 
46.0 10   [m] Thickness of hydrogen electrode 
od * 
41.0 10   [m] Thickness of oxygen electrode 
electrolyted * 41.0 10   [m] Thickness of electrolyte 
cellL * 0.019  [m] Length of the cell 
  0.3 Volumetric fraction of ion conductor 
  0.4 Porosity 
i  33400 exp( 10300 / )T      [S/m] Ionic conductivity 
,e h  
62 10 (1 )       [S/m] Electronic conductivity in H2 electrode 
,e o  
64.2 10 11500




    
[S/m] 
Electronic conductivity in O2 electrode 
,i electrolyte  33400 exp( 10300 / )T     [S/m] Electrolyte conductivity 
0,oi ** 1[A/m
2
] Exchange current density in H2 electrode 
0,hi ** 0.1[A/m
2
] Exchange current density in O2 electrode 
aS ** 10
9
[1/m] Specific surface area 
* 2D planar SOFC geometry dimensions for simulations in switching mode conditions 
** The parameters are adjustable. 
 
2.4 RESULTS AND DISCUSSIONS 
 
Figure 2.3 Transient responses of voltage and current density in switching mode 
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**2-D species contour distributions are shown here for both SOFC mode and SOEC mode** 
In general, it is very difficult for experimental method to measure internal 
transport and reaction processes within solid oxide cells, especially during the transient 
process of operating mode switching. The mathematical model developed above will be 
employed to investigate these performances. In the simulation, the cell is first operated 
under SOFC mode with the cell voltage setting at 0.5V. At the time of 2 second, the cell 
voltage is subject to a sudden step change from 0.5V to 1.5V, as a result, the cell SOFC 
mode is changed to SOEC mode. Correspondingly, the cell current density decreases 
from 1700A/m
2
 at SOFC mode to -1600A/m
2
 at SOEC mode as shown in Figure 2.3.  
 
In order to examine the internal transport process changes induced by the sudden 
step increasing of cell voltage, the internal parameter distributions are obtained along a 
line parallel to y-axis at x = 0.009m (line A-A as shown in Figure 2.1). At the time of 2 
second, the cell is in SOFC mode, the corresponding parameter distributions are shown in 





Figure 2.4. Due to the hydrogen and oxygen consumptions by electrochemical reactions, 
hydrogen and oxygen mass fractions decrease from respective channels towards 
electrode/electrolyte interfaces. At the oxygen electrode, ionic potential increases from 
channel/electrode interface towards the electrode/electrolyte interface. Within the 
electrolyte, ionic potential keeps increasing from oxygen electrode side towards hydrogen 
electrode side. At hydrogen electrode, ionic potential is around -0.0125V with a slight 
variation. The electronic potential keeps at 0V level at H2 electrode while reaching 0.87V 
at O2 electrode in SOFC mode.  
 
Once the cell voltage is increased to 1.5V, the SOFC mode is switched to SOEC 
mode. The corresponding parameter distributions are shown in Figure 2.5. Since H2 and 
O2 are generated in SOEC mode, the trend of corresponding mass fractions flips when 
compared to those in Figure 2.4, which increase from channels towards 
electrode/electrolyte interface along the A-A.  The ionic potential distribution also shows 
an opposite trend to that in Figure 2.4. The electronic potential is 0V at H2 electrode, but 
Figure 2.5 Parameter distributions along A-A at 5
th
 second  
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reaches about 1.15V at O2 electrode. Obviously, except for electronic potential, the rest 
of parameter distributions show opposite trend to those in Figure 2.4.  
Figure 2.6 shows the evolution history of O2 mass fraction distribution along the 
line parallel to y-axis at x = 0.002m (line B-B in Figure 2.1) during the transient process 
of cell mode switching. At 1.99
th
 second, the cell is in SOFC mode, O2 mass fraction 
decreases from the channel towards the electrode/electrolyte interface. At 2.01
st
, the 
overall O2 mass fraction increases meanwhile the trend of the distribution flips, which 
increases from the channel towards the electrode/electrolyte interface due to the fact that 
the cell starts to generate oxygen. At 2.1
st
, the cell is still in transient process and the O2 
mass fraction further increases. At 5
th
 second, the cell reaches the steady-state SOEC 
mode with maximum O2 mass fraction distribution.  
 
Figure 2.7 shows the corresponding evolution histories of H2 mass fraction 
distributions, which have the similar trends to those of O2 mass fraction distributions in 
Figure 2.6 Evolution history of oxygen mass fraction distribution along B-B 
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Figure 2.6. At the 1.99
th
 second, the cell is in SOFC mode, H2 mass fraction shows the 
decreasing trend from the channel towards the electrode/electrolyte interface along B-B 
due to H2 consumptions by electrochemical reactions. During the switching process from 
SOFC mode to SOEC mode, H2 mass fraction distribution reverses and shows an 
increasing trend from the channel towards electrode/electrolyte interface at 2.01
st
 second. 





The mass fraction distribution of water vapor in hydrogen side is shown in Figure 
2.8. In SOFC mode at 1.99
th
 second, the distribution has an increasing trend from the 
channel towards the electrode/electrolyte interface because water vapor is generated at 
this electrode. Once the cell is switched to SOEC mode, water vapor is consumed by 
electrochemical reactions. Consequently its distribution decreases from the channel 
towards the electrode/electrolyte interface. Water vapor distribution keeps decreasing 





 second to 2.1
st
 second, and then increases and reaches a steady state at 5
th
 
second. Obviously the evolution of water vapor experiences an overshoot around the 2.1
st
 
second. In comparison, H2 mass fraction distribution in Figure 2.7 doesn’t experience 
such an overshoot. The reason is that H2O is heavier than H2, the big inertia of H2O leads 
to such an overshoot phenomenon. 
 
Figure 2.9 shows the evolution history of electronic potentials along B-B. 
Essentially, the electronic potential at H2 electrode keeps at 0V, while those at O2 
electrode changes. During the transient process of the mode switching, electronic 
potential increases from 0.62V at SOFC mode to 1.36V at SOEC mode and reaches 
maximum value at 5
th
 second. 





Figure 2.10 shows the evolutions of corresponding ionic potential distributions 
along B-B. At SOFC mode (1.99
th
 second), the ionic potential at channel/O2 electrode 
interface is about -0.36V. It increases towards H2 electrode. Beyond H2 
Figure 2.9 Evolution history of electronic potential distribution along B-B 
Figure 2.10 Evolution history of ionic potential distribution along B-B 
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electrode/electrolyte interface, ionic potential keeps increasing, followed by a little bit of 
variations, it then reaches around 0V.  Once the operating mode starts to switch from 
SOFC mode at 1.99
th
 second to SOEC mode at 2.01
st
 second, ionic potential immediately 
flips around 0V to positive values. During the following transient process of mode 
switching, ionic potentials almost keep unchanged.  
2.5 CONCLUSION 
In this research, an isothermal 2D transient mathematical model is developed for 
solid oxide cells, which are operated in both SOFC mode and SOEC mode. The model is 
validated using experimental results of in-house prepared NiO-YSZ/YSZ/LSM cell under 
different operating temperatures. The model is employed to investigate complicated 
multi-physics processes during the transient process of mode switching. Simulation 
results indicate that the trends of internal parameter distributions, including H2/O2/H2O 
and ionic potentials, flip when the operating cell is switched from SOFC mode to SOEC 
mode. However, the electronic potential shows different behaviors. At H2 electrode, 
electronic potential keeps at zero voltage level, while at O2 electrode, electronic potential 
increases from a relatively low level in SOFC mode to a relatively high level in SOEC 
mode. Transient results also show that an overshoot occurs for mass fraction distribution 
of water vapor at H2 side when the operating cell switches from SOFC mode to SOEC 
mode. The mass fractions of O2 and H2 as well as charge potentials (electronic and ionic) 
may quickly follow the operating mode changes. The simulation results presented in this 




CHAPTER 3  
COMPUTATIONAL FLUID DYNAMICS ANALYSIS OF SOLID OXIDE 
ELECTROLYSIS CELLS WITH DELAMINATIONS 
3.1 INTRODUCTION 
The hydrogen has been identified as an important energy carrier, and could play a 
significant role in future clean energy technology such as fuel cells 
[101]
. Hydrogen can be 
produced through several methods, e.g., thermal reforming, photoelectrochemical water 
splitting, etc., among which direct water electrolysis through the reverse process of fuel 
cells is widely recognized as a clean and sustainable method. PEM electrolysis cell and 
solid oxide electrolysis cell (SOEC) are two popular methods in this respect. Since SOEC 
is ceramic cell, it can sustain high operating temperatures and consequently may provide 
more advantages than low temperature electrolysis cells, such as high reaction rate, high 
kinetic energy, and high conversion efficiency, etc. In particular, there is an increasing 
interest in using nuclear energy for hydrogen generation in an efficient and 
environmentally friendly way, where the high temperature steam generated from nuclear 
plant can be directly utilized by SOECs for hydrogen generation 
[102-106]
.  
Hydrogen production through SOECs has been investigated using both 
experimental method and numerical modeling method. Since very complex transport and 
electrochemical reaction processes take place simultaneously within SOECs, modeling 
method, as an important complementary to experimental method, plays an increasing role 
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in de-convoluting the coupled multi-physics processes and understanding the working 
mechanisms. In this respect, mathematical models at different levels were developed to 
investigate SOEC steady state performance 
[98, 99, 107, 108]
 and dynamic performance 
[94, 96]
. 
In order to better understand multi-physics processes, detailed parameter distributions, 
and their effects on SOEC performance, computational fluid dynamics (CFD) models 
were employed. Hawkes et al. 
[109]
 employed CFD modeling method to study the 
operating voltage effects on the distributions of gas compositions, current density, and 
temperature of SOEC stack. Ni 
[100]
 developed a 2D CFD model and studied the effects of 
gas velocity and electrode microstructure on SOEC performance. All of these studies 
represent significant progresses on SOEC modeling and numerical analysis.  
The basic structure of SOECs is a tri-layer positive electrode-electrolyte-negative 
electrode (PEN) assembly, in which the dense electrolyte is sandwiched by porous 
electrodes on either side. In order to perform water electrolysis, the functional material is 
different from one layer to another. Since different material has different thermal 
expansion coefficient (TEC), the thermal stresses generated at electrode/electrolyte 
interface might cause the detachment of adjacent layers when SOECs experience long-
term elevated temperature conditions or dynamic thermal cycling conditions, leading to 
delamination phenomenon. Experimental observations show that delamination occurs at 
oxygen electrode/electrolyte interface in durability tests 
[110]
. Upon the occurrence of 
delamination, the cell performance deteriorates because the interface open gap, 
perpendicular to the main current path, consists of an insulating barrier to charge 
conduction, and destroys electrochemical reaction sites. While significant progresses 
have been made toward mechanism understanding of SOECs as mentioned above, 
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including experiment and mathematical modeling, few studies can be found in open 
literatures on how to quantitatively interpret delamination effects on SOEC performance.   
In this study, a comprehensive 2-D CFD model is developed and is employed for 
performance simulation of SOECs. The size and location of delamination effects on local 
parameter distributions as well as SOEC polarization performance are studied 
systematically. This research is significant for quantitative understanding of delamination 
phenomenon and SOEC performance tolerance on delamination failure.  
3.2 MATHEMATICAL MODEL DEVELOPMENT 
 
Figure 3.1 shows a 2-D planar SOEC composed of PEN assembly and two flow 
channels (cathode and anode). During operations, an electric potential sufficient for 
electrolysis is applied to the SOEC. Vapor/hydrogen gas mixture and air are supplied to 
the cathode and anode flow channels, respectively. At the cathode (hydrogen) side, vapor 
molecules transport through the porous cathode layer to the triple phase boundary (TPB) 
site, where the gas phase, electronic conducting material, and ionic conducting material 
meet together, and vapor is dissociated into hydrogen molecules and oxygen ions with a 
supply of electrons from external circuit. The hydrogen molecules then diffuse out of 
porous cathode electrode into the channel. The oxygen ions subsequently migrate to the 
anode (oxygen) side through the dense electrolyte. At TPB sites of the anode electrode, 
oxygen ions release electrons and form into oxygen molecules. The oxygen molecules 
Figure 3.1 Schematic of a 2D planar SOEC 
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then diffuse out of porous anode into the channel while the released electrons transport to 
the cathode side through external circuit.  
In mathematical model development, we make the following assumptions: 
operating conditions are steady state; the reactant gas mixtures are approximated as ideal 
gases; active reaction sites (TPB sites) are uniformly distributed through porous 
electrodes. Based on these assumptions and 2D SOEC geometric settings shown in 
Figure 3.1, the model, detailed as follows, includes the coupled processes of charge 
(ion/electron) balance, electrochemical reaction kinetics, mass balance, and momentum 
and energy balances. 
3.2.1 Charge Balance 
Charge transport includes ionic and electronic transports. Since composite 
electrodes are assumed, both electronic and ionic transports are allowed in anode and 
cathode electrodes, while electrolyte only allows ions to migrate through. According to 
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Where e  and i  are electronic and ionic potentials respectively; 
eff  and eff  are 
effective electronic and ionic conductivities in cathode and anode regime self-explained 
with subscripts a (anode) and c (cathode) respectively; VA the volumetric reactive surface 
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            (3-4) 
Here,   is the volume fraction of electron conducting material in porous 
electrode;   and   are porosity and tortuosity of porous electrodes respectively; e  and 
ik are intrinsic conductivities of electron conducting material and ion conducting material.  
The  ,c cti  and ,a cti  in equations (3-1) and (3-2) are local charge transfer current 
densities in cathode and anode electrodes respectively, and can be calculated using 
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               ao e i eq                 (3-6) 
Where reactc , prodc , react-chanlc  and prod-chanlc are the reactant concentration and product 
concentration, self-explained with subscript, at the reaction sites and the channel-
electrode interface respectively. At cathode side, the reactant and product are vapor and 
hydrogen, while at anode side, the product is oxygen.   is the charge transfer coefficient 
( 0 1  ). en  is the moles of electrons transferred per mole reactant. F  is the Faraday’s 
constant. ao is the activation overpotential representing electrode kinetics at the reaction 
site; ref  is the relative potential difference between the electronic and ionic conductors 
from the reference state. R the gas constant; T the operating temperature; 0i , the exchange 
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current density, is defined as the current density of the charge-transfer reaction at the 
dynamic equilibrium potential; eq is the equilibrium potential difference. At cathode-
channel/electrode interface, the potential is fixed at a reference potential of zero, while at 
anode-channel/electrode interface, a voltage cellV , sufficient for electrolysis, is applied. 
3.2.2 Mass/species conservation 
Since multi-species are involved in anode and cathode channels and electrodes, 
multi-species Maxwell-Stefan’s equation is employed to describe the corresponding 
transport phenomena.  
1
( ( ( ) ( ) ))
k
i i ij j j j j i
j j
M M p
u D x R
M M p
     

 
         (3-7) 
Where Ri is the reaction source term for species i, ωi the weight fraction of species 
i, xj the molar fraction of species j. ijD represents the binary diffusion coefficient for a 
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The effective diffusion coefficient is employed to characterize multi-species 
transport in porous electrodes, in which the Knudsen diffusion 
[111]
 and the binary 
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        (3-12) 
When ideal gas is considered, the density can be written as: 
pM
RT
         (3-13) 
3.2.3 Momentum Conservation 
Due to high temperature operating conditions, and normal pressure environment (
1outp atm ), the weakly compressible Navier-Stokes equations are assumed to govern 
fluid flow in channels.  
2
( ) [ (( ( ) ) ( ) )]
3
Tu u pI u u u I             (3-14) 
( ) 0u          (3-15) 
where μ is the dynamic viscosity, I the momentum. 
The Brinkman equation is used to describe momentum conservation in porous 
electrode, 
2
( ) [ ( ( ) ( ) )]
3
TQ u pI u u u I
 
 
            (3-16) 




where κ denotes the permeability of porous electrode; Q is the mass source term 
induced by electrochemical reactions, which is related to the charge transfer current 






        (3-18) 
3.2.4 Energy Conservation 
The energy equation, accounting for conduction, convection, and diffusion effect, 
can be written as,  
,( )p j D j
j
k T C Tu h N Q           (3-19) 
Where k is the thermal conductivity of gas mixture;   the density of gas mixture; 
pC  the specific heat capacity of gas mixture; jh is the molar enthalpy of the species, and
,D jN  is the diffusive flux of species j, calculated from the species balance equation. 
For flows in porous electrode, thermal equilibrium condition is assumed, where 
the temperature of fluid is the same as that of porous solid in the volumetric average 
sense. Correspondingly, the thermal conductivities of flow phase and solid phase are 
combined together to form an effective thermal conductivity,  
(1 )eff f sk k k          (3-20) 
Q is the heat source term induced by ohmic heating effect ( ohmQ ), activation and 
concentration overpotentials under a non-equilibrium condition ( act conQ  ), as well as 
entropy change through electrochemical reactions ( entQ ) 
[86]
.  
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where J is the current density, VA the volumetric reactive surface area
1( )m , S the 
entropy change. 
3.3 NUMERICAL SOLUTION AND MODEL VALIDATION 
 
The mathematical model presented in this research is solved using finite element 
package COMSOL MULTIPHYSICS version 3.5a. For a specified cell voltage at anode 
electrode boundary, the corresponding cell average current density is calculated. The cell 
polarization curve is then obtained by specifying a series of cell voltages and calculating 
the corresponding average current densities.  
Model validation with experimental results is very useful to test model behavior 
upon variation of physical parameters, such as electrode/electrolyte interface 
delamination failure. For this purpose, we measured polarization performance of an in-
house made button cell consisted of a ~500 μm thick Ni-YSZ cermet, ~15μm thick YSZ 
electrolyte membrane, and 30 μm LSM electrode layer. Hydrogen was used as inlet 
Figure 3.2 Comparisons between experimental results and model simulations 
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carrier gas, which is used to vary the partial pressures of the vapor and as reducing gas to 
prevent the oxidation of H2 electrode material (Ni). Hydrogen flow rate was 40 cubic 
centimeter per minute (cm
3
/min) with 50% humidity, controlled by a precision mass flow 
controller (APEX). The oxygen electrode was exposed to ambient atmosphere. The 
polarization curve was recorded by Versa-STAT3 system at 800
0
C. The experimental 
result is shown in Figure 3.2. The physical parameters used in the model validation are 
shown in Table 3.1. The parameters with “**” are difficult to determine in the experiment 
and are used as adjustable parameters to fit the model predictions with experimental 
results. The comparison results are shown in Figure 3.2. It can be seen that the numerical 
results agree very well with experimental results. 
Table 3.1 The physical parameters used in the model validation 
 
Parameters Values Explanation 
hd * 
46.0 10   [m] Thickness of Cathode 
od * 
41.0 10   [m] Thickness of Anode 
electrolyted * 41.0 10   [m] Thickness of Electrolyte 
cellL * 0.019  [m] Length of the cell 
  0.3 Volumetric Fraction of Ion Conductor 
  0.4 Porosity 
,i c  33400 exp( 10300 / )T      [S/m] Ionic conductivity, Cathode 
,e c  
62 10 (1 )       [S/m] Electronic conductivity, Cathode 
,i a  33400 exp( 10300 / )T      [S/m] Ionic conductivity, Anode 
,e a  
64.2 10 11500




    [S/m] Electronic conductivity, Anode 
,i electrolyte  33400 exp( 10300 / )T     [S/m] Electrolyte conductivity 
0,ai ** 1[A/m
2
] Exchange current, Cathode 
0,ci ** 0.1[A/m
2
] Exchange current, Anode  
aS ** 10
9
[1/m] Specific surface area 
* 2D planar SOEC geometry dimensions for simulations.  




3.4 RESULTS AND DISCUSSION 
The mathematical SOEC model is then employed to investigate the cell 
performance. In particular, the study will determine how the size and location of 
delaminations at electrode/electrolyte interface affect SOEC performance. A 
delamination failure occurring at oxygen electrode/electrolyte interface is a gas filled gap, 
in a plane which is perpendicular to the main ionic/electronic current direction. Because 
of solid material discontinuity induced by delamination, the ionic/electronic conducting 
path is cutoff locally, the possible TPB sites are also ruined out. Obviously, delamination 
will influence local mass/charge transport and electrochemical reactions, and 
consequently affect SOEC performance. It is assumed that charges are not able to jump 
over the delamination site, as a result, the boundary conditions (BCs) for charge transport 
are treated as insulated BCs at this site.  
3.4.1 Delamination effects with parallel flows 
 
In this case study, the flows in anode and cathode channels are set as parallel 
flows. Hydrogen mixed with vapor is used as inlet carrier gas and reactant in cathode 
channel respectively while air is employed as carrier gas in anode channel. The 
simulation results are shown in Figure 3.3. Due to the electrolysis effect, hydrogen and 
oxygen are generated in cathode and anode electrodes respectively, as a result, the mass 
Figure 3.3 Mass Fraction Distributions of Base case with parallel flow 
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fraction of hydrogen increases from 0.0846 to 0.167 along the cathode channel while that 
of oxygen increases from 0.243 to 0.34 along the anode channel.  
 
 
The corresponding ionic current density distribution is shown in the base case of 
Figure 3.4. We then introduce delaminations at oxygen electrode/electrolyte interface. 
The delamination 1 is set at left side near the inlet as shown Figure 3.4(b). The 
Delamination 1 (b) 
Delamination 2 (c) 
Delamination 3 (d) 
×10-3 
Figure 3.4 Ionic current density distributions: (a) Base case without delamination, (b) 
With delamination 1, (c) With delamination 2, (d) With delamination 3 
Base Case (a) Base Case (a) 
 
Figure 3.5 SOEC performance sensitivity to delaminations 
in parallel flow 
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delamination 2 is set at the same site of delamination 1 but the delamination size is 
doubled as shown in Figure 3.4(c). The size of delamination 3 is the same as that of 
delamination 2, however, the location of delamination 3 is set at the center of the cell 
along the flow direction as shown in Figure 3.4(d). These three delaminations are 
individually introduced. Comparing ionic current density distribution in base cases and 
delamination cases, one can see that delaminations cut off the charge transport path and 
significantly influence local current density distributions. The effect of delaminations on 
cell polarization performance is shown in Figure 3.5. Both the delamination location and 
size affect the cell performance. For the parallel flow considered in this case, the cell 
performance is more sensitive to the delamination at the center of the cell (delamination 
3) than that at the inlet of the cell (delamination 1 and 2). For the same delamination 
location, increasing the delamiantion size (delamiantion 1 to delamination 2) will make 
the cell performance a little bit worse.  
3.4.2 Delamination effects with counter flows 
 
As a comparison, counter flow is utilized in this case study, where the mixture of 
hydrogen and vapor flows through the hydrogen channel from the left side to the right 
side while air flows through the oxygen channel from the right side to the left side. 
Without any delaminations, the mass fraction distributions are shown in Figure 3.6. 
Basically the hydrogen mass fraction increases from 0.0849 to 0.163 along the flow 
Figure 3.6 Mass fraction distributions of base case with counter flow 
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direction while the oxygen mass fraction increases from 0.243 to 0.336 along the air flow 
direction. 
 
The corresponding ionic current density distributions are shown in Figure 3.7. We 
then individually introduce three delaminations. Delamination 4 with size 4.0e-4m is set 
at the oxygen electrode/electrolyte interface at the left end of the cell, delamination 5 
with the same size (4.0e-4m) is introduced at the oxygen electrode/electrolyte interface 
but at the right end of the cell. Finally delamination 6 with size 8.0e-4m is set at the 
center of the cell along the oxygen electrode/electrolyte interface. The corresponding 
ionic current density distributions are shown in Figure 3.7(b)(c)(d), respectively. 
Comparing the base case in Figure 3.7(b)(c)(d), one can see that the local ionic current 
density distributions are significantly influenced since the charge transport path is cutoff 
at the delamination site. To highlight the sensitivity of cell performance to the 
delaminations, the cell V-I curve is obtained under different delamination settings as 
shown in Figure 3.8. It is clear to see that without delamination, the cell obtains the best 
performance. Once delamination is introduced, the cell performance gets worse, among 
Figure 3.7 Ionic current density distribution: (a) base case, (b) with 
delamination 4, (c) with delamination 5, (d) with delamination 6 
Base Case (a) 
Delamination 4 (b) Delamination 6 (d) 
Base Case (a) 
 
Delamination 5 (c) 




which the cell with delamination 4 obtains similar performance to that with delamination 
5 and the cell shows a slight high sensitivity to delamination 5 at relatively high current 
density conditions. When the delamination 6 is introduced, the cell obtains the worst 
performance.  
                              
3.5 CONCLUSION 
In this research, a 2-D CFD model is developed for a planar SOEC. The model is 
validated using experimental data of a button cell under different temperatures. The 
model is utilized to investigate the sensitivity of electrolysis performance to 
deliminations occurred at oxygen electrode/electrolyte interface. Results indicate that 
delaminations significantly influence local charge current density distributions since the 
charge transport path is cutoff. In both parallel flow and counter flow settings, 
electrolysis performance is more sensitive to the delamination occurred at the center of 
the cell than those occurred at the edges of the cell.   
  
Figure 3.8 SOEC performance sensitivity to 
delaminations with counter flow 
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CHAPTER 4  
MICRO MODELING STUDY OF CATHODE/ELECTROLYTE INTERFACIAL 
STRESSES FOR SOLID OXIDE FUEL CELLS 
4.1 INTRODUCTION 
The basic structure of solid oxide fuel cells (SOFCs) is a positive electrode-
electrolyte-negative electrode (PEN) tri-layer assembly, in which the dense electrolyte is 
sandwiched by porous electrodes on either side. Long-term stability is an important 
requirement for commercial applications of SOFC technology. However, very aggressive 
operating temperatures (600-1000
o
C) generally lead to a variety of SOFC degradations 
representing significant challenges in meeting lifetime requirements
[112]
. It is therefore 
essential to increase the understanding of the degradation mechanisms.  
One of the important degradation phenomena in SOFCs is the occurrence of 
delamination at the oxygen electrode/electrolyte interface. Experimental observations 





. Upon the occurrence of delamination, the cell performance 
degradation is accelerated because the interfacial open-gap, perpendicular to the main 
current path, consists of an insulating barrier to charge conduction, and destroys 
electrochemical reaction sites 
[115]
. Such a mechanical degradation has been identified as 





Thermal stresses have been widely recognized as one of the main factors leading 
to the structural failure of SOFCs 
[50, 51]
. Thermal stresses could be induced in the 
materials through several ways. During the cooling of the cell after being sintered at very 
high temperatures, stresses arise in the materials due to the mismatch in thermal 
expansion coefficients (TEC) between different layers of the cell 
[51]
. Such stresses 
generated during cell fabrication processes are generally regarded as residual stresses. 
Residual stresses can also be expected if the cooling rates are not slow enough to sustain 
a quasi-steady heat transfer resulting in spatial temperature gradients 
[52]
. The most 
widely investigated situations are thermal stresses induced by spatial temperature 
gradients during the fuel cell operations 
[50-54]
, particularly in transient operating 
conditions 
[55]
. If the fuel supply is accidentally stopped, the nickel cermet re-oxidation 
may occur. This re-oxidation step generates an anodic bulk expansion which can also 
lead to a high level of stresses in the cell layers 
[117]
. 
The mechanism governing the delamination at the oxygen electrode/electrolyte 
interface remains an active subject of debate.  It is generally recognized that, for the 
stationary applications, the chemical instability at the interfaces is one of the key issues, 
whereas the thermo-mechanical instability is important in the transportation applications 
because of frequent thermal cycles 
[54, 68]
. Other understanding envisioned that the high 
pressure of oxygen generated at the interface could cause the delamination as well 
[23]
. 
SOFCs require materials with the ability to release or store oxygen in addition to a 
high concentration of oxygen vacancies for high oxygen ionic conductivity 
[68]
. The 
transport of oxygen ion through oxygen vacancies may lead to the effect that the 
distribution of oxygen vacancy concentration is not uniform within the bulk materials, 
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which would cause different volumetric expansions within the materials. As a result, 
chemical stress occurs in oxygen ionic conducting materials. In open literature, the 
thermal stress effects on SOFC structures have been investigated extensively, however, 
the chemical stress effects are rarely studied, particularly their effects on the delamination 
at the cathode/electrolyte interface. When the thermal stress is coupled with the chemical 
stress, the structural reliability issue of SOFCs will become even more complicated. The 
objective of this research is to develop a micro model to study the complicated stress 
states at the cathode/electrolyte interface in SOFCs, including thermal stress and 
chemical stress. The results could be used to study the different roles of thermal stress 
and chemical stress at the cathode/electrolyte interface in SOFCs.  
4.2 MODELING OF TRANSPORT PROCESS IN COMBINATION WITH 
STRUCTURAL MECHANICS  
4.2.1 Solid mechanics 
The total strain is the summation of the mechanical strain and two types of 
eigenstrains, 
me T c
ij ij ij ij              
(4-1) 
Here ε is the strain, the superscripts me, T, and c represent mechanical, thermal, 
and chemical respectively. 
For an isotropic material, the constitutive relationship for the strain 
me
ij  and the 
corresponding mechanical stress is given as:  
 
1
1meij ij kk ij
E
        




Where σij represents the stress components with i and j indicating the axis of the 











1 2 3kk      . In this research, E and ν are treated as constants. The 




The eigenstrain Tij  induced by temperature variations in an isotropic material is 
given by: 
ΔTij ijT         (4-3) 
Where ΔT is the temperature variation, and   is the thermal expansion 
coefficient. It is worth noting that dopants may change the formation energy of defects in 
materials, which in turn can affect the dependence of defect concentration on 
temperatures and hence the practical thermal expansion coefficient. For simplicity, the 
true thermal expansion coefficient is employed in this study, which is defined under the 
constant defect concentration of materials 
[62]
. 
The chemical expansion stress induced by oxygen vacancy variations is calculated 
by analogy to the thermal stress. It is assumed that the volume of ionic conducting bulk 
materials changes linearly with volumetric oxygen ion insertion and extraction. The 
eigenstrain cij  induced by chemical expansion effect is written as 
[76]
: 
Δcij ijc  
      
(4-4) 
Where ∆c is the variation of oxygen vacancy concentration,  is the chemical 
expansion coefficient.  





1 Δ Δij ij kk ij ij ijT c
E
                 (4-5) 
The expression for stress components can be written as, 
             * ' '2 ( Δ Δ )ij ij kk ijT c              (4-6) 
Where * / 2(1 )E   , *2 / (1 2 )    , *' (3 2 )     , *' (3 2 )     ,and 
1 2 3kk      . 
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       (4-7) 
By neglecting the body forces, the equilibrium equation is represented as, 
,  ( , 1,0 2,3)ij i i j                     (4-8) 
Substituting equations (4-6), (4-7) into equation (4-8), the displacement equation 
can be expressed as 
[120]
, 
   2 i k,ki 'λ ' 0, , 1,2,3u u iT c k                (4-9) 
4.2.2 Transport process in ionic conducting ceramic materials 
The electrochemical potential in an ideal solid solution can be expressed as 
[76-78]
,  
  0, lnj j j j jRT x z F             (4-10) 
Where j  is the electrochemical potential of species j; R the gas constant; T the 
temperature; jx  the molar fraction of species j; jz  the effective charge of species j; F the 
Faraday's constant;   the potential; and τj is the stress-dependent part of the 
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                      (4-12) 
Where mV  is the molar volume of species j in the stress-free solid with 
concentration of jc ; 
0
mV  is the molar volume of species j in the stress-free solid with 
stoichiometric defect concentration of 0jc .  
The defects are considered as species that simply diffuse through a solid with a 
solid framework that does not change. According to non-equilibrium thermodynamics, 







         (4-13) 
Where j jD RTm  is the diffusion coefficient of the species j; jm is the mobility of 
the species j ; cj is the concentration of diffusion component, e.g., oxygen vacancy, 
electron or hole.    







   
    (4-14) 
Substituting equation (4-10) into (4-14) gives, 
( ) ( )
( )
j j j j j j j
j j j j j
c z FD z Fc z FD
J z FD c
RT RT
            (4-15) 
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Obviously, the current density consists of three contributors including charged 
species concentration gradient, stress gradient, and potential gradient. 
To simplify the problem into a manageable form, we consider the case where the 
majority of mobile defects are vacancies and electronic species only. Because the size of 
electron is much smaller than that of oxygen vacancy, it is assumed that the 
compositional expansion is mainly caused by oxygen vacancy distribution. As a result, 
the effect of stress gradient on electronic current density is neglected. Also the material 
Ce0.9Gd0.1O1.95-δ (GDC) is treated as a perfect electrolyte material in which the oxygen 
vacancy concentration is determined by the doping level only and is uniformly distributed 
through the entire electrolyte domain. Accordingly it is assumed that the oxygen vacancy 
transportation in the electrolyte is driven only by the electric field, the effects of both 
oxygen vacancy concentration gradient and stress gradient are neglected.  
Under steady state conditions,
 
0v eJ J   , substituting equation (4-15), we 
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Here, ,0vc  represents the uniform oxygen vacancy concentration in the electrolyte. 
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Where v, e, and a represent vacancy, electron, and acceptor dopant respectively. 
The third equation in (4-17) characterizes the electroneutrality, requiring that the sum of 
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all the charges in a material be equal to zero at macroscopic scale. The assumption of an 
electroneutrality does not necessarily preclude the existence of a nonlinear potential 
distribution as indicated by Newman 
[121]
. 
4.3 MODEL SETUP AND BOUNDARY CONDITIONS 
Figure 4.1(a) shows the computational domain of the model, where a cathode 
particle is attached to a bulk electrolyte due to the sintering effect. It is assumed that the 
cathode particle is a mixed ionic and electronic conducting material, e.g., 
La0.6Sr0.4Co0.2Fe0.8O3-δ (LSCF), while the electrolyte is an ionic conducting material, e.g., 
Ce0.9Gd0.1O1.95-δ (GDC).  Since the considered computational domain is relatively small, 
the isothermal condition is assumed. Essentially equations (4-9), (4-16) and (4-17) need 
to be solved to obtain the unknowns of defect concentration jc , potential , and solid 
displacements u as well as their derivatives. Accordingly the boundary conditions are 
specified including defect concentration, potential and displacement, which are detailed 
as follows.  
 
Figure 4.1 (a) Cathode/electrolyte assembly (the origin of XYZ coordinate 
system is located at the central point of the electrolyte domain); (b) schematic 
illustration of cross-section locations (The A-A and B-B cross sections are 
parallel to the cathode/electrolyte interface and have the distance of 0.5µm 
from the cathode/electrolyte interface)  







Central line of the 






Origin (0, 0, 0) 
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4.3.1 Concentration boundary conditions  
The defect concentration of conducting materials is dependent on the doping 
level. The defect concentration also depends on the oxygen partial pressures, particularly 
those of bulk material surface exposed to the surrounding atmosphere, such as the 
cathode material La0.6Sr0.4Co0.2Fe0.8O3-δ (LSCF). For perovskite-type oxides in a low 
oxygen partial pressure 
2O
P and small temperature ranges, the oxygen nonstoichiometry 






log OA B P                       
(4-18) 
Where A and B are constants, depending on specific type of perovskite oxides. 




               
210
0.02 0.03log ( / )OP bar         (4-19) 
Equation (4-19) is valid for oxygen partial pressures from 10
-2
 bar to 10
-8
 bar and 
temperature at 973.15K. It should be pointed out that for a working cathode the gas phase 
and the surface of the cathode particle are generally not in equilibrium 
[125, 126]
. For 
simplicity of the model, the gas phase and the surface of the cathode particle are assumed 
to be in equilibrium and the equation (4-19) is applicable. 
4.3.2 Other boundary conditions 
The potential difference between the top end of the electrolyte (Figure 4.1(a)) and 
the cathode particle surface is determined by using the multi-physics modeling approach, 
which is approximately greater than or equal to -0.4V as predicted by the SOFC model 
[115]
. The electrolyte/cathode assembly is point-constrained at the top end of the 
electrolyte as shown in Figure 4.1(a) while traction-free conditions are applied on the rest 
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of surfaces. This prevents rigid-body movements but does not affect the stress 
distribution. The boundary conditions are summarized in Table 4.1. 























0vJ   
Symmetry/Insulation 
0eJ   
Free 
 
4.4 SIMULATIONS AND MODEL PARAMETERS 
The mathematical model is solved using finite element package, COMSOL 
Multiphysics V4.0. The model parameters are listed in Table 4.2. 
Since the related experimental data are very limited, the parameters noted with * 
are estimated based on the data from open literatures. In particular, the oxygen vacancy 
concentrations (cν) induced by the dopant in the electrolyte and cathode materials are 
estimated according to their chemical formula. As mentioned above, the Ce0.9Gd0.1O1.95-δ 
(GDC) electrolyte is treated as a perfect electrolyte, in which the oxygen vacancy 
concentration is uniformly distributed and determined by the dopant only. For 
stoichiometric defect reactions, we have δ = 0.  Using the molar volume of GDC bulk 
electrolyte in Table 2, we can obtain ,0vc = 0.05/Vm,GDC = 2083 (mol/m
3
). This value is 
used as the concentration boundary condition of the cathode/electrolyte interface. For the 
La0.6Sr0.4Co0.2Fe0.8O3-δ(LSCF) cathode particle, if choosing δ = 0.06, we can obtain 
cv,LSCF = 0.06/Vm,LSCF = 1818 (mol/m
3
). For the calculation of chemical expansion 
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 respectively. The chemical expansion coefficient is 
then obtained by using the equation β=ε/(δ/Vm). 
Table 4.2 Parameters used in the model 
 
Item Name Cathode (LSCF) Electrolyte (GDC) Reference 
Dimensions of 
computational domain (m) 
Particle radius: 
65 10  
Width Height Length   
5 5 510 10 (2 10 )      
 
E (GPa) 161 255.9 [51] 
ν 0.32 0.334 [51] 
Uniaxial tensile strength, σf, 
(MPa) 
180 250 [50, 127-129] 
ρ (kg/m3) 6820 7150 [51] 
T (K) 973.15 973.15  
Vm (m
3/mol) 61033   61024   
[63, 74]
 




1818 -- * 
Mobility 
2( / )mol m J s   
mv:  
142.0 10  
me: 
137.26 10  
mv:  
143.4 10  
[130]* 







) 15 11 [51] 
 
4.5 RESULTS AND DISCUSSION 
The thermal and chemical stresses are coupled together in a complicated way in 
practical SOFCs. It is difficult for experimental methods to identify their individual 
contributions. In this aspect, modeling technique has the flexibility to study the individual 
roles. In the following sections, the chemical stress and thermal stress are individually 
studied, followed by the combinational investigations. 
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4.5.1 Chemical stress 
 
Figure 4.2(a) shows the oxygen vacancy concentration distribution within the 
considered electrolyte/cathode assembly. The oxygen vacancy concentration reaches the 
maximum value of 2055 mol/m
3
 near the cathode/electrolyte interface and decreases 
toward the cathode particle surface. Within the electrolyte, the oxygen vacancy 
concentration is uniform because the perfect electrolyte is assumed and oxygen ion 
transport is driven only by the electrical potential. Even though oxygen ions are generated 
on the cathode particle surface while being consumed at the top end of electrolyte surface 
in the model, the distribution of the oxygen ion concentration shows certain gradients, 
particularly near the cathode/electrolyte interface. This leads to the chemical stress in the 
cathode/electrolyte assembly.   
The corresponding first principal stress and third principal stress profiles are 
shown in Figure 4.2(b) and Figure 4.2(c) respectively. Obviously the maximum first 
principal stress of 125MPa occurs in the electrolyte near the cathode/electrolyte interface 
(Figure 4.2(b)). The maximum third principal stress of -102MPa is in the cathode 
adjacent to the cathode/electrolyte interface (Figure 4.2(c)). Since the oxygen vacancy 
Figure 4.2 Oxygen vacancy concentration distribution 
(mol/m
3
) (a); first principal stress distribution (MPa) (b); third 
principal stress distribution (MPa) (c). 
(a) (b) (c) 
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concentration in the cathode particle is greater than that in the cathode particle with 
stress-free condition (1818mol/m
3
), the cathode particle tends to expand while the 
electrolyte is reluctant to expand. As a result, the cathode particle is in compressive state 
near the cathode/electrolyte interface while the electrolyte is in tensile state.  The 
complicated stress distribution is resulted from the combinational effects of oxygen 
vacancy concentration distributions and the structural configuration of the 
cathode/electrolyte assembly.  
To examine the complicated chemical stress state across the cathode/electrolyte 
interface, the details of stress distributions in A-A and B-B cross sections (A-A and B-B 
are defined in Figure 4.1(b)) are obtained as shown in Figure 4.3.  Figures 4.3(a)-(c) and 
4.3(c’) show the stress distributions in cross-section B-B while Figures 4.3(d)-(f) and 
4.3(f’) show those in cross-section A-A. As can be seen from Figure 4.3(a), the shear 
stress distribution shows four small “islands” with relatively high stress magnitude. The 
positive shear stress and negative shear stress occur alternatively along the neck of the 
interface. According to the coordinate system defined in Figure 4.1(a), the shear stress 
directions are represented with arrows in Figure 4.3(a) and 4.3(d). The normal stress in 
B-B cross section shows the ring-shaped distribution (Figure 4.3(b)). Obviously the 
normal stress shows tensile state within a small internal circle followed by a ring band 
area with stress magnitude close to zero. Beyond this area, another ring band area with 
maximum compressive stress can be clearly seen. The normal stress then ripples off to 
zero towards the circumference. This phenomenon can be attributed to the non-uniform 
distribution of oxygen vacancy concentration in the cathode particle, where the vacancy 
concentration decreases from the center towards the circumference of the particle (as 
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shown in Figure 4.2(a)). The volumetric expansions in different locations of the cathode 
particle will be different due to non-uniform vacancy concentrations in the cathode 
particle. Meanwhile the volumetric expansion of cathode particle is confined by the 
electrolyte at the cathode/electrolyte interface. Therefore the stress is generated as shown 
in Figure 4.3(a) and 4.3(b). 
The first and third principal stresses in the B-B cross-section in the electrolyte are 
shown in Figures 4.3(c) and 4.3(c’) respectively. The first principal stress in Figure 4.3(c) 
shows the maximum value of 118MPa in the central circle area and ripples to zero 
towards the circumference. Obviously the maximum first principal stress of 118MPa is 
less than the uniaxial tensile strength 250MPa of the GDC electrolyte (Table 4.2). The 
third principal stress in Figure 4.3(c’) shows tensile state within the central circle area 
followed by the maximum compressive stress of -67MPa in a ring band. The third 
principal stress then decreases to a relative low compressive stress state towards the 
circumference. For ceramic materials, the compressive strength is usually greater than the 
tensile strength. Due to the lack of experimental data, here we assume that the 
compressive strength is equal to the tensile strength for the GDC electrolyte. Accordingly 
the maximum third principal stress of -67MPa is less than the compressive strength of -
250MPa. Combining the first and third principal stresses in B-B cross-section with the 
GDC electrolyte strength, one can see that the chemical stress will not lead to the fracture 




The various stress distributions in A-A cross section in the cathode particle are 
shown in Figure 4.3(d)-(f) and 4.3(f’), which display opposite distribution patterns to 
those in B-B cross section. These results can be attributed to the balance requirement of 
stresses in the cathode/electrolyte assembly. The maximum first principal stress takes 
place in the shell area of the cathode particle and reaches 115MPa as shown in Figure 
4.3(f). The maximum third principal stress occurs in the central circle area and reaches -







Figure 4.3 Chemical stress distribution (MPa). Stress at B-
B cross section: (a) shear stress, (b) normal stress, (c) first 
principal stress, (c’) third principal stress; stress at A-A 
cross section:  (d) shear stress, (e) normal stress, (f) first 




assume that the compressive strength of LSCF material is the same as its tensile strength 
(180MPa) due to the lack of experimental data. One can see that neither the first principal 
stress nor the third principal stress can lead to the fracture of the cathode particle.  
4.5.2 Thermal stress 
Since the computational domain is relatively small, the temperature distribution is 
assumed to be uniform within the domain. Accordingly the thermal stress is calculated by 





, the stress-free temperature is assumed at 1000
o
C. The thermal 
stress is then calculated when the cathode/electrolyte assembly is operated at 700 °C. 
Figures 4.4(a) and 4.4(b) show the corresponding first and third principal stress 
distributions respectively. Clearly the maximum stress occurs at the cathode/electrolyte 
interface with significant non-uniformity. Since the assumed operating temperature 
(700
o
C) is different from the thermal stress-free temperature (1000
o
C), and thermal 
expansion coefficient of GDC electrolyte is different from that of LSCF cathode, the 
expansion of the GDC electrolyte should be different from that of the LSCF cathode. 
However, without delamination, the expansion of both electrolyte and cathode should be 
identical at the cathode/electrolyte interface.  This confliction of structural deformation 
leads to the thermal stress as shown in Figure 4.4.  
 
Figure 4.4 Distribution of principal stresses (MPa): 





To examine the details of thermal stress near the cathode/electrolyte interface and 
identify the difference from their chemical stress counterparts, the distribution of stress 
components is individually obtained at the cross sections A-A and B-B respectively. The 
shear stress distribution in B-B cross section shows four small “islands” (Figure 4.5(a)), 
where the positive and negative shear stress “islands” appear alternatively. Comparing 
the chemical stress distribution in the same cross section B-B (Figure 4.3(a)), one can see 
that the pattern of thermal stress distribution in Figure 4.5(a) is opposite to that of 
chemical stress distribution. The difference of stress distribution is due to the different 
Figure 4.5 Thermal stress distribution (MPa). Stress at B-B 
cross section: (a) shear stress, (b) normal stress, (c) first 
principal stress, (c’) third principal stress; stress at A-A cross 
section:  (d) shear stress, (e) normal stress, (f) first principal 










natures of chemical expansion and thermal expansion, where the chemical expansion is 
the tendency of materials to change in volume due to the variations of oxygen vacancy 
concentration; whereas the thermal expansion is the tendency of materials to change their 
volumes in response to the change in temperatures. The normal stress in B-B cross 
section shows a ring-band distribution (Figure 4.5(b)). Within a central circle, the normal 
stress is compressive. Beyond this central circle area, a ring band with normal stress 
amplitude close to zero can be observed, followed by another ring-band like area, in 
which the normal stress is tensile. The stress then decays to zero towards the 
circumference.  
The first and third principal stress distribution in B-B cross section is shown in 
Figure 4.5(c) and 4.5(c’) respectively. The first principal stress in Figure 4.5(c) is in 
compressive state in the central circle area. Beyond this circle area, a ring-band area 
appears with the maximum tensile stress of 76MPa. The first principal stress then decays 
to 0 MPa towards the circumference. The third principal stress in Figure 4.5(c’) shows 
the maximum compressive stress of -124MPa within the central circle area. Beyond this 
circle, the third principal stress decays to 0 MPa. Since both the maximum first principal 
stress and the maximum third principal stress are less than the strength of the GDC 
electrolyte, the thermal stress cannot cause the failure of the GDC electrolyte.   
The various thermal stress distributions in A-A cross section in the cathode 
particle are shown in Figure 4.5(d)-(f) and 4.5(f’), which display opposite distribution 
patterns to those in B-B cross section. These results may be attributed to the balance 
requirement of stresses in the cathode/electrolyte assembly due to the mismatch of 
thermal expansion coefficients between the electrolyte and the cathode. The maximum 
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first principal stress takes place within the central circle area and reaches 130MPa as 
shown in Figure 4.5(f). The maximum third principal stress occurs in the shell area of the 
cathode particle circumference and reaches -109MPa as shown in Figure 4.5(f’). 
Obviously it is in compressive stress state. Since the tensile/compressive strength of the 
LSCF cathode is 180MPa (Table 4.2), we can see that neither the first principal stress nor 
the third principal stress can lead to the fracture of the cathode particle. 
4.5.3 Combined chemical and thermal stresses at the cathode/electrolyte interface 
In practical solid oxide fuel cells, the chemical stress and thermal stress occur 
simultaneously. In this section, the cathode/electrolyte interfacial stresses induced by the 
combined chemical and thermal effects are studied. The operating conditions are the 
combination of those in section 4.5.1 and 4.5.2. Comparing every single chemical stress 
distribution in Figure 4.3 with the corresponding thermal stress distribution in Figure 4.5, 
one may find that the patterns of chemical stress distribution are opposite to those of 
thermal stress distribution. Therefore the chemical stress will be partially canceled out by 
the thermal stress, or vise verse, when combined together. This understanding can be seen 
from Figure 4.6, where the magnitude of every single combinational stress is less than 
that of chemical stress (Figure 4.3) and thermal stress (Figure 4.5). So the combination of 
chemical and thermal stress facilitates to mitigate the overall stress occurred at the 
cathode/electrolyte interface. In B-B cross section, the maximum first principal stress is 
the tensile stress of 20MPa (Figure 4.6(c)) and the maximum third principal stress is the 
compressive stress of -20MPa (Figure 4.6(c’)), both of which are less than the strength of 
the GDC electrolyte (Table 4.2). Therefore no fracture occurs in the electrolyte in this 
case. Similarly, in A-A cross section, the maximum first principal stress is the tensile 
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stress of 31MPa (Figure 4.6(f)) and the maximum third principal stress is the compressive 
stress of -19MPa (Figure 4.6(f’)), both of which are less than the strength of the LSCF 
cathode (Table 4.2). Therefore no fracture occurs in the cathode particle either. 
 
4.5.4 Effects of non-uniform oxygen partial pressure  
Oxygen partial pressure may significantly affect the surface oxygen vacancy 
concentration of cathode material and oxygen reduction reaction process. At the cathode 
side of SOFCs, the oxygen diffuses from the channel to the surface of cathode material 







Figure 4.6 Combined thermal and chemical stress (MPa). In 
B-B cross section: (a) shear stress, (b) normal stress, (c) first 
principal stress, (c’) third principal stress; In A-A cross 
section:  (d) shear stress, (e) normal stress, (f) first principal 




may exist within porous cathode.  It is anticipated that the non-uniform distribution of 
oxygen partial pressure could cause complicated chemical stress and ceramic particle 
distortions. To study such effects, we assume that different portion of cathode particle 
surface (shown in Figure 4.7) is subjected to different oxygen partial pressures. 
Specifically, the oxygen partial pressure of 0.002 bar is applied to the right half surface of 
the cathode particle, while that of 0.00112 bar is applied to the left half surface of the 
cathode particle (Figure 4.7). The rest of the operating conditions are the same as those in 
section 4.5.1. Because of non-uniform oxygen partial pressure on the cathode particle, the 
corresponding distribution of oxygen vacancy concentration within the A-A cross section 
is also non-uniform (Figure 4.7). Specifically, the right half surface of the cathode 
particle is exposed to the environment with high oxygen partial pressure; consequently 
the concentration of oxygen vacancy is low. This can be seen from the shell area of the 
right half surface of the cathode particle in Figure 4.7. By contrast, the left half surface of 
the cathode particle is exposed to the low oxygen partial pressure; as a result, the 
corresponding concentration of oxygen vacancy is high, because the gas phase and the 
surface of the cathode particle are in equilibrium. One may also see from Figure 4.7 that 
the oxygen vacancy concentration within the central circle area is high, which is 
significantly affected by low oxygen partial pressure instead of high oxygen partial 
pressure.   
The higher oxygen vacancy concentration leads to larger expansions in volume, 
therefore, the non-uniform distribution of oxygen vacancy concentration is expected to 
cause the complicated chemical stress distribution. Figure 4.8(a) shows the first principal 
stress in A-A cross section, which shows significant variations along the circumferential 
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shell area of the cathode particle. The first principal stress in Figure 4.8(a) varies from -
48MPa to 207MPa, which exceeds the fracture strength of the LSCF cathode material 
180MPa. As a result, cracks within the cathode particle might initiate in this case. It is 
worth noting that the assumption of abrupt changes of oxygen partial pressure on the 
cathode particle surface might be an extreme scenario, however, the results clearly 
demonstrate the significant effects of oxygen partial pressure on chemical stress 
generation. The third principal stress in Figure 4.8(c) is dominated by the compressive 
stress within the central area of A-A cross section.  
 
 
Figure 4.7 Oxygen vacancy concentration 






















Figure 4.8 principal stress distributions (MPa) under non-
uniform oxygen partial pressure. (a) first principal stress at A-A 
cross section, (b) first principal stress at B-B cross section; (c) 
third principal stress at A-A cross section, (d) third principal 





As shown in Figure 4.7, the distribution of the oxygen vacancy concentration is 
significantly non-uniform. It has been realized that different vacancy concentrations lead 
to different volumetric expansions in the material. On the other hands, such volumetric 
expansions are also confined by the structure configuration of the cathode/electrolyte 
assembly. Therefore complicated stress takes place. The first and third principal stresses 
in B-B cross section are shown in Figure 4.8(b) and 4.8(d) respectively. The maximum 
tensile stress is 119MPa while the maximum compressive stress is -68MPa. None of 
these stresses can lead to the cracks within the GDC electrolyte (strength 250MPa). 
Comparing to Figures 4.3(c), 4.3(c’), 4.3(f) and 4.3(f’), one can see that the stress 
distributions in Figure 4.8(a-d) show different degree of distortion because of non-
uniform oxygen partial pressure distribution on the cathode particle surface.   
4.5.5 Effects of oxygen vacancy concentration at the cathode particle surface 
For practical solid oxide fuel cells, the cathode is exposed to the environment 
containing oxygen gas. The oxygen gas in turn affects the surface oxygen vacancy 
concentration of the cathode particle, which will further influence the oxygen vacancy 
concentration distribution in the cathode/electrolyte assembly. Figure 4.9(a) shows the 
distribution of oxygen vacancy concentration. The horizontal axis in Figure 4.9 is defined 
from the cathode surface towards the cathode/electrolyte interface along the central line 
of the cathode/electrolyte assembly in z-direction (the z-direction is defined in Figure 
4.1(a)). The dimension from –19µm to –10µm on the horizontal axis is the cathode 
domain while that from –10µm to 10µm is the electrolyte domain. As shown in Figure 
4.9(a), the oxygen vacancy concentration increases from the cathode particle surface to 
the cathode/electrolyte interface. The gradient of the oxygen vacancy concentration is 
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relatively large near the cathode/electrolyte interface. When the oxygen vacancy 




at the cathode surface, the 
overall distribution of oxygen vacancy concentration also increases.  
 
The corresponding distributions of the normal stress, the first principal stress, and 
the third principal stress are shown in Figure 4.9(b), 4.9(c), and 4.9(d) respectively. 
Obviously the maximum stress and the maximum stress gradient take place near the 
cathode/electrolyte interface, where the compressive stress occurs at the cathode side 
while the tensile stress happens at the electrolyte side. Since the oxygen vacancy 
concentration reaches the maximum value at the cathode/electrolyte interface and 






























































































































































































Figure 4.9 Parameter distribution along the central line of the cathode/electrolyte 
assembly in z-direction under different oxygen partial pressure: (a) oxygen 
vacancy concentration, (mol/m
3
); (b) normal stress in z direction, (MPa); (c) first 










decreases towards the cathode particle surface (as shown in Figure 4.9(a)), the volumetric 
expansion of cathode near the cathode/electrolyte interface is larger than that of the rest 
part in the cathode. Considering that the cathode expansion near the cathode/electrolyte 
interface is confined by the electrolyte, this is the reason that the compressive stress 
occurs at the cathode side while the tensile stress takes place at the electrolyte side.  
 
To correlate the boundary conditions on the cathode surface with the maximum 
stresses occurred at the cathode/electrolyte interface, four peak stresses marked as P1, P2, 
P3, and P4 in Figure 4.9(c), 4.9(d), and 4.9(b) respectively are selected. Figure 4.10 
shows the correlations between P1, P2, P3, P4 and the oxygen vacancy concentrations on 
the cathode particle surface. P1 and P4 are in tensile state while P2 and P3 are in 
compressive state. Clearly, increasing the oxygen vacancy concentration on the cathode 
particle surface will increase the tensile stresses of P1 and P4 but decrease the 
compressive stresses of P2 and P3. Conversely, decreasing the oxygen vacancy 
concentration on the cathode particle surface is beneficial to reduce the tensile stresses of 
P1 and P4 but increase the compressive stresses of P2 and P3. Therefore, suitable oxygen 
vacancy concentration on the cathode particle surface needs to be considered so that the 
Figure 4.10 Peak stress at the specified locations in Figure 4.9, (MPa). 






























































first and third principal stresses can be confined below the strength of the concerned 
materials if appropriate.  
4.6 CONCLUSION 
A micro model is developed to study the cathode/electrolyte interfacial stresses. 
The model considers the complicated interactions between structural mechanics and ionic 
transport process through conductive defects. While both the chemical and thermal 
stresses are complicated at the interface, the chemical stresses show different distribution 
patterns from the thermal stresses. The results of combined thermal and chemical stresses 
show that these two kinds of stresses can be partially canceled out with each other, 
leading to the reduced overall stresses at the cathode/electrolyte interface. The 
distributions of oxygen partial pressure and thus the oxygen vacancy concentration on the 
cathode particle surface have significant effects on chemical stress distribution and 




CHAPTER 5  
MODELING OF CHEMICAL-MECHANICAL COUPLINGS IN ANODE-SUPPORTED 
SOLID OXIDE FUEL CELLS AND RELIABILITY ANALYSIS 
5.1 INTRODUCTION 
Solid oxide fuel cell (SOFC) has been well demonstrated as a promising clean 
energy conversion technology that converts the chemical energy of fuels into electricity 
directly
[132]
. To commercially utilize this technology, the SOFC material system should 
have not only very good electrochemical performance for high energy conversion 
efficiency but also long term stability. It is well known that the SOFCs are operated under 
very aggressive conditions, e.g., high temperatures (600-800
o
C) and extremely low 
oxygen partial pressures (anode electrode). These operating conditions could lead to a 
variety of degradations, which impose great challenges on meeting the lifetime 
requirement of SOFCs. There have been significant efforts toward the investigations of 
SOFC degradation mechanisms, including interface stability 
[27]
, redox stability 
[39, 40, 43]
, 





, and mechanical stability 
[53-55, 135, 136]
. 
Among these degradation mechanisms, the mechanical instability is a major degradation 
mechanism limiting the industrial development of SOFCs 
[137, 138]
. 
The basic structure of SOFCs is the positive-electrode/electrolyte/negative-
electrode (PEN) tri-layer assembly. Because the materials are different from one layer to 
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another, the thermal stress occurs at elevated temperatures due to thermal expansion 
mismatch. In open literature, the thermal stress issues in SOFCs have been studied 
extensively using modeling approach. Kim et al. studied thermal stress of functionally 
graded SOFCs with assumed temperature distributions 
[64]
. Liu et al. investigated the 
thermal stress at electrode/electrolyte interface, upon which lifetime of SOFCs was 
predicted under assumed thermal cycling conditions 
[54]
. Since the thermal stress is 
dependent on the temperature distribution across SOFC structure, the multi-physics 
electrochemical model is usually needed to determine the temperature distribution, upon 
which thermal stress is calculated. Clague et al. analyzed thermal stress of anode-
supported SOFC under duty cycles using the temperature distribution predicted by 
computational fluid dynamics model 
[65]
. Peksen et al. performed the transient thermal-
mechanical analysis for an SOFC short stack using the similar approach 
[66]
. Khaleel et al. 
carried out stack thermal stress analysis using the temperature profile calculated from the 
coupled electrochemistry, thermal and flow analysis 
[67]
. All of these represent significant 
progress toward thermal stress analysis of SOFC structures.  
The materials of SOFCs have the capability to take and/or release oxygen 
depending on the equilibrium state between the bulk ceramics and the surrounding 
atmosphere, which in turn leads to the volumetric change of bulk ceramics, termed 
chemical expansion. In this respect, extensive experiments have been carried out to 
elucidate the relations between oxygen deficit in ceramics and surrounding oxygen partial 





. These studies only considered chemical expansion of bulk 
ceramics under non-stoichiometric conditions. The materials of SOFCs also have the 
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ability to transport oxygen ions through vacancy defects. The complicated multi-
physicochemical processes in SOFCs could lead to the fact that the distribution of oxygen 
vacancy concentration is not uniform within the bulk materials of electrolyte and 
electrodes. The non-uniform oxygen vacancy concentration distribution would cause 
different volumetric expansions in different locations within bulk materials, resulting in a 
complicated chemical-mechanical coupling phenomenon and chemical stress. Compared 
to the study of thermal stress in SOFCs, the chemical stress study is still at very early 
stages. Atkinson studied the chemically-induced stresses in gadolinium doped ceria 
(GDC) electrolyte through measuring the deformation of electrolyte 
[74]
. Krishnamurohy 
and Sheldon developed a model to study the chemical stress occurred in the 1-D 
electrolyte of GDC subjected to oxygen potential gradient 
[75]
. Swaminathan at al. 
developed a model framework to study the chemical stress of a GDC planar electrolyte 
with different oxygen partial pressures on both sides 
[77, 78]
. Yakabe et al. modeled the 
chemical stress in a plate of doped lanthanum chromite with either surface of the plate 
exposed to the fuel and air respectively 
[73]
. Terada et al. developed a 1-D model to study 
electro-chemical-mechanical coupling behavior of PEN structure without considering 
complicated multi-physics transport processes in SOFCs 
[79]
.We recently developed a 
micro-model to study the chemical and thermal stresses at cathode/electrolyte interface 
[140]
. These results represent significant progresses toward the understanding of chemical-
mechanical coupling phenomenon in a component of SOFCs. However, practical SOFCs 
involve very complicated multi-physicochemical processes particularly in porous 
electrodes. This could generate complicated oxygen potential gradients and electrical 
field. In addition, the individual component is mechanically constrained by PEN structure 
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assembly in SOFCs. Accordingly the chemical stress in an SOFC setting would be very 
complicated and the corresponding chemical-mechanical coupling is not well understood.  
The objective of this research is to develop an innovative model to study 
chemical-mechanical coupling phenomenon in an SOFC. The model considers the 
chemical stress in PEN structure of a button cell induced by complicated multi-
physicochemical processes. Based upon chemical stress calculation, the reliability of 
PEN structure is evaluated and correlated to different operating conditions and design 
parameters as well as mechanical constraints. To our best knowledge, this is the first 
model of chemical-mechanical coupling under multi-physicochemical processes at a cell 
level and is an important module complementary to the state-of-the-art electrochemical-
thermal-mechanical modeling for SOFCs.  
5.2 DESCRIPTION OF MATHEMATICAL MODEL 
SOFCs involve very complicated multi-physicochemical processes, such as 
reactant/product gas diffusion in porous electrodes, electrical oxidation of fuel in the 
anode, oxygen reduction reaction in the cathode, oxygen exchange at electrode surface, 
and ion transport through oxygen vacancies in solid matrix of PEN structure, as well as 
ionic transport induced chemical expansion of PEN structure. In the following sections, 
the corresponding mathematical equations will be described in details.  
5.2.1 Charge transport process in conducting ceramic solid phases 
The driving force for charge transport in a solid solution is the gradient of 
electrochemical potential. The electrochemical potential of a defect species in an ideal 
solid solution is represented by 
[76-78]
, 
                               (5-1) 
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where    is the electrochemical potential of species j; R the gas constant; T the 
temperature;    the molar fraction of species j;    
the effective charge of species j; F the 
Faraday's constant;   the electrical field due to externally applied potential and/or non-
uniform distribution of charged species; and    is the stress-dependent part of the 
electrochemical potential. For isotropic elastic solids, the    is given by 
[76]
, 
      (    
  
  
(   )
  
 (   )
  
      )        (5-2)  
where    is the chemical expansion coefficient due to species j;     is the stress 
tensor;        ∑ ∑       
 
   
 
   . 
The chemical expansion coefficient due to species j is defined as 
[118]
, 
    
 
 
   
  
    
                                                       (5-3) 
where    is the molar volume of species j in the stress-free solid with 
concentration of    ;   
  is the molar volume of species j in the stress-free solid with 




According to non-equilibrium thermodynamics, the current density of a charged 
species in a solid solution driven by an electrochemical potential can be expressed as 
[77]
, 
    
       
  
   
                        
     (5-4) 
where         is the diffusion coefficient of species j;   
is the mobility of 
species j; cj is the concentration of diffusion component, e.g., oxygen vacancy, electron, 
or hole. 
Substitution of equation (5-1) into (5-4) gives, 
    (     )    
  (     )
  
    
     (     )
  
                 (5-5) 
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Clearly, the diffusion of mobile defects in a solid solution is driven by the 
gradients of mobile species concentration and stress as well as electrical field. 
Under steady state conditions,        , substituting equation (5-5), we have, 
  ( (     )    
  (     )
  
    
     (     )
  
  )         (5-6) 
Where    is the source term of species j. 
The equation (5-6) is applied for the transport of both oxygen vacancy and 
electron or hole. Since electron or hole is much smaller than oxygen vacancy, the flux of 
electron or hole induced by stress gradient is generally neglected. Accordingly the second 
term in the left side of equation (5-6) is neglected for electron or hole transport process. 
One essential requirement is that the charge neutrality should be maintained for bulk 
solid solution, i.e., 
∑                    (5-7)  
The equations of (5-6) and (5-7) are used to describe the transport process of 
charged species in a solid solution.  
5.2.2 Surface electrochemical reactions 
The electrochemical reactions in the electrodes are strongly dependent on the 
electrode materials. Without loss of generality, we assume that the cathode material is a 
mixed ionic and electronic conducting (MIEC) ceramics while the anode material is the 
composite of nickel and electrolyte material.  
5.2.2.1 Electrochemical reactions in MIEC cathode 
With MIEC ceramic as the cathode material, the active sites for oxygen reduction 
reaction are extended to the entire MIEC/gas interface. The oxygen molecule first is 
adsorbed onto the material surface. The adsorbed oxygen then is incorporated into an 
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oxygen vacancy in MIEC material matrix. Using the Kroger-Vink notation, these two 
steps can be represented as, 
 
 
         
                                                                                  (5-8) 
    
    ̈    
                                                                               (5-9) 
where   ̈  is an oxygen vacancy,      
 is an adsorbed oxygen,    is an electron 
hole, and s is an empty adsorption site on the surface of the MIEC. When the surface 
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where cv and ch are the concentrations of oxygen vacancies and holes, 
respectively, taken at the MIEC surface; the r
0
 terms are exchange rate constants; the θ is 
the site fraction of absorbates; the α terms are transfer coefficients; and     is the 
difference between the electrostatic potential drop across the surface and its equilibrium 
value. The subscript 0 denotes the equilibrium value. It is generally recognized that the 
oxygen incorporation step is a rate-limiting step 
[143]
; therefore the surface adsorption 
reaction of (5-8) can be treated as in equilibrium. In this situation, there is no need to find 
the accurate value for    
 ; further the concentration of adsorbates on the MIEC surface 
should be close to equilibrium, i.e.,      . Accordingly the equation (5-11) can be 




5.2.2.2 Electrochemical reaction at the cathode/electrolyte interface 
At the cathode/electrolyte interface, two different materials are bonded together 
through sintering process. It is recognized that the vacancy transport from the electrolyte 
to the cathode is an electrochemical reaction 
[142]
. The reaction rate can be represented as,  
     
 [   (




    
   ( 
 (    )   
  
)]                           (5-12) 
where the cv is the oxygen vacancy concentration at the interface;    is the change 
of electrostatic potential across the electrolyte/cathode interface. Compared to the oxygen 
incorporation step on the MIEC surface, the vacancy transport process across the 
cathode/electrolyte interface is not rate-limiting. 
5.2.2.3 Electrochemical reactions in the anode 
The widely used anode material is nickel-electrolyte composite. In nickel cermet 
composite, the electrochemical reaction takes place at the triple phase boundaries, where 
the gas phase (hydrogen) and electronic conducting phase (Ni) as well as ionic 
conducting phase (electrolyte material) meet together. The reaction rate related current 
density is represented using Butler-Volmer equation, 
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   (
      
  
)      
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)]        (5-13) 
where, i0,a is the exchange current density of the anode at equilibrium;      
and       are the molar fraction of steam and hydrogen respectively; ct the total 
concentration of species; and         , 
        are the reference concentration of steam 
and hydrogen respectively; and η the overvoltage. The overvoltage is defined as, 
             , here      is the equilibrium potential difference. 
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Although the ionic transport is dominant in electrolyte materials, the electronic 
transport could also be involved especially for intermediate temperature electrolyte 
materials e.g., doped ceria. As a result, the electrochemical oxidation of hydrogen could 
also take place on the surface of electrolyte material in porous anode. The reaction can be 
represented as, 
  
           
    ̈                                                           (5-14) 
Similar to the surface reaction of MIECs, the reaction rate can be calculated as, 
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)]         (5-15)
 
Here similar to MIECs, the surface overpotential     is assumed to be 0.  
5.2.3 Gas species transport in porous electrodes 
The electrochemical reactions are closely related to fuel/gas diffusions in the 
anode and cathode electrodes. Since multi-species transports are involved in porous 
electrodes, multi-species Maxwell-Stefan’s equation is employed to calculate gas species 
concentrations, 
 (    ∑    
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(      
  
  
)))                                (5-16) 
where ρ is the density of gas; ωi/j the mass fraction of gas species i/j; Mj the 
molecular weight of gas species j;  ∑   
 
      the average molecular weight; xj the 
molar fraction of gas species j; Ri is the reaction source term for gas species i and is 
related to the electrochemical current density and reaction rates in equations (5-10), (5-
11), (5-13), and (5-15);    
   
is the effective binary diffusion coefficients. To avoid the 






   









   
 
 




   
 
 
     
)      (17) 
Here,   and   are porosity and tortuosity of electrode respectively;     is the 
binary diffusion coefficient for a pair of gas species i and j 
[145]
;       is the Knudsen 
diffusion coefficient for gas species i 
[145]
.  
5.2.4 Solid mechanics 
The governing equations of transport processes described above are used to 
determine oxygen vacancy concentration distributions in the PEN structure. To further 
determine chemical stress induced by non-uniform distribution of oxygen vacancy 
concentration, the coupling between oxygen vacancy concentration and solid mechanics 
is needed. It is assumed that the bulk volume of ionic conducting materials changes 
linearly with volumetric insertion and extraction of oxygen ions. Specifically the strain 
due to chemical expansion effect is represented as, 
   
                                                                                              (5-18) 
Where ∆c is the variation of oxygen vacancy concentration, β is the chemical 
expansion coefficient.     {
     
     
.  
Since this research is focused on the chemical stress in a button cell, thermal 
stress is neglected. Therefore, the total strain is composed of mechanical strain and 
chemical strain. Under the assumption that the total strain is the superposition of 
mechanical strain and chemical strain, we have, 
    
 
 
[(   )           ]                                                         (5-19) 
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where     represents the total strain components with i and j indicating the axis of 
the Cartesian coordinate system,     is the corresponding stress components; E is 
Young’s Modulus; ν is Poisson’s ratio of the material; and             .  
Rearranging equation (5-19), we may obtain the expression for stress components 
as, 
      
     (      
   )                                                          (5-20) 
where,    
 
 (   )
,   
    
    
,     (      ), and             . 
In elasticity, the strain tensor is related to the displacement u by 
[119]
, 




   
   
 
   
   
)                                                                          (5-21) 
By neglecting the body forces, the equilibrium equation can be represented as, 
        (       )                                                                        (5-22) 
Substituting equations (5-20) and (5-21) into equation (5-22), the displacement 
equation can be expressed as 
[120]
, 
       (   
 )       
      (         )                                  (5-23) 
Combining equations (5-6), (5-7), (5-16), and (5-23), the chemical stress in a 
SOFC under multi-physicochemical processes can be determined. 
5.3 MODEL SETUP, BOUNDARY CONDITIONS, AND MECHANICAL 
PROPERTIES 
The basic structure of SOFCs is a tri-layer assembly of PEN structure composed 
of anode electrode, electrolyte, and cathode electrode. The PEN structure should be 
strong enough to support mechanical loadings. This is usually achieved by using the 
thickest layer as the supporting layer. In the early stage of SOFC development, both 
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cathode electrode layer and electrolyte layer have been employed as the supporting layer 
respectively 
[146]
. To reduce ohmic loss and polarization loss, the anode-supported SOFCs 
have been widely used since then 
[147]
. Without loss of generality, we consider an anode-
supported button cell (Figure 5.1a) with La0.6Sr0.4Co0.2Fe0.8O3-δ (LSCF) cathode, 
Ce0.9Gd0.1O1.95-δ (GDC) electrolyte, and nickel/GDC composite anode. Due to the 
symmetrical feature, a 2-D axial-symmetrical domain is employed as the computational 
domain for 3-D button cell. The detailed dimensions are shown in Figure 5.1b. Since the 
considered button cell is relatively small, the isothermal condition is considered. Also 
because the chemical stress is the major concern in this research, the thermal stress is 
neglected.  
 
5.3.1 Concentration boundary conditions  
The defect concentration of conducting ceramic materials is determined at the 
stage when the materials are synthesized. The factors influencing defect concentration 
may include crystal structure and compositions. Once the material is applied for the 
device component, the defect concentration is also affected by operating conditions. In 
particular, the anode electrode is exposed to the atmosphere with extremely low oxygen 
partial pressure, which in turn significantly affects oxygen vacancy concentration on the 
Figure 5.1 (a) Illustration of SOFC button cell; (b) FEM model of SOFC 

























anode surface. According to the Nernst equation 
[148]
, the reversible voltage Er of an 
SOFC can be represented as, 




     
    
  









    
     
                                 (5-24) 
Solving for      from equation (5-24), one may obtain, 
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                                                                         (5-25)
 
where        (
    
  
) is the equilibrium constant. Given the hydrogen and steam 
partial pressures in the anode, the corresponding oxygen partial pressure can be 
determined using equation (5-25). Then the oxygen deficit at the anode surface can be 
determined using such an oxygen partial pressure. Accordingly the boundary condition of 
oxygen vacancy/electron concentration on the anode surface can be obtained.  
The oxygen partial pressure in the cathode is in the order of 0.21 atm. In this 
condition, the nonstoichiometric defect reaction is less likely to happen. Therefor the 
electrolyte material GDC is treated as a perfect electrolyte material at electrolyte/cathode 
interface. The corresponding boundary condition of oxygen vacancy/electron 
concentration is determined by doping level only.  
5.3.2 Other boundary conditions 
The ionic flux at the cathode/electrolyte interface is determined by equation (5-
12). The electronic current leakage at the cathode/electrolyte interface is calculated by 
integrating surface reaction rate (equation (5-15)) over the surface of GDC phase in the 
anode. The humidified hydrogen is used as the fuel with the composition of H2:H2O:N2 = 
0.96:0.03:0.01. The cathode is exposed to ambient air with composition of O2:H2O:N2 = 
0.21:0.03:0.76. The equilibrium potential difference of the cathode and anode are 
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determined from experiments, i.e.,              and           . The boundary 
conditions for the solid mechanics are illustrated in Figure 5.1b. The surface center of the 
anode is point-fixed so that the chemical stress distribution in the cell will not be affected 
by mechanical constraints. The boundary conditions are concisely summarized in Table 
5.1. 
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*Cc represents Current Collector. 
5.3.3 Mechanical property of materials 
The anode electrode is a composite porous structure composed of nickel and GDC 
as well as void phase. The mechanical property of the composite of nickel and GDC is 
first determined; then the void phase effect is taken into account. Using the composite 
sphere method 
[149]
 and treating the inclusion material as the phase 1, the bulk moduli of a 
composite material can be represented as, 
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where the K is the bulk modulus of the material; V is the volume fraction of a 
material phase in the composite; the subscripts “1” and “2” refer to the two material 
phases. By switching the role of phase 1 and phase 2 in equation (5-26) and treating the 
phase 2 as the inclusion material, we may obtain another bulk moduli          ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅. The 
practical bulk moduli of the composite will be between          ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅ and          ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅. In this 
research, the average bulk modulus is utilized. 
The corresponding Young’s Modulus of the composite can be represented as,  
        (    )                                                                     (5-27) 
When the void phase is taken into account, the effective elastic moduli of porous 
anode can be expressed as 
[51, 149]
,  
       
(   ) 
  (     ) 
                                                                       (5-28) 
here ε is the porosity of the composite; subscript 0 stands for the properties of the 
dense composite. 
The oxygen partial pressure affects oxygen deficits of electrolyte GDC. The 
oxygen non-stoichiometry in turn strongly influences the mechanical property of GDC. 
To take this effect into account, the elastic modulus of GDC is expressed as the function 
of oxygen partial pressure 
[51]
,  
             
           (         )
     
                 (5-29) 
here the unit of oxygen partial pressure    is Pa. Other mechanical properties of 




Table 5.2 Solid mechanical parameters used in the model 
 
Parameters Values 
Young’s modulus E, Ni/GDC/LSCF, 
[51]
 219/217/161 (GPa) 
Poisson’s ratio ν, Cathode/Electrolyte/Anode, 
[51]
 0.32/0.334/0.326 


















5.4 NUMERICAL SOLUTION AND MODEL VALIDATION  
Table 5.3 Physical parameters used in the model 
 
Parameters Values 




Inlet molar fraction of  H2 xref,H2 0.97 
Inlet molar fraction of  O2 xref,O2 0.21 
Tortuosity, Anode/Cathode τ* 8.5 
Porosity, Anode/Cathode ε 0.35 
Electronic conductivity, Anode σa 2×10
6
 [S/m] 





















Diameter of spherical particle, Anode/Cathode, dp  0.35(μm) 




























Note: The parameters with * are adjustable to validate the model with the experimental 
results.  
Combining equations (5-6), (5-7), (5-16), and (5-23), we may solve for defect 
concentration   , electrical potential  , mass fraction of gas species   , and displacement 
u, as well as their derivatives. Then the chemical stress distribution in the PEN structure 
can be calculated. The mathematical model is solved using commercial software package 
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of COMSOL Multiphysics 4.1a. The model parameters are listed in Tables 5.3. The 
boundary conditions are summarized in Table 5.1. The computational domain was 
discretized and refined until the mesh-independent solution was obtained. This mesh then 
was used to obtain the numerical solution. The COMSOL solver (UMFPACK) was 
utilized to solve the discretized equations. The general coefficient form PDEs were used 
to implement the charge transport in the electrodes and electrolyte, and the mass transport 
in porous electrodes. The solid mechanics module was employed to calculate the 
displacements and their derivatives.  
Model validation is an important step towards further high fidelity numerical 
analysis. In principle, the model predictions should be able to match experimental results 
under identical operating conditions, including a variety of parameter distributions, 
polarization performance. However, it is very difficult for present techniques to measure 
reactants/products distribution, oxygen vacancy distribution, and stress distribution 
within an SOFC. Therefore, the measurable polarization performance was used to 
validate the model. The purpose of this validation is to examine the numerical code and 
determine the unknown model parameters as indicated in Table 5.3. For a specified cell 
voltage at the cathode electrode boundary, the corresponding species distributions and 
average cell current density were calculated. The cell polarization curve then was 
obtained by specifying a series of cell voltages and calculating the corresponding average 
cell current densities. The parameters denoted with “*” in Table 5.3 were adjusted so that 
the polarization curves predicted by the model can match with experimental results under 
identical operating conditions. As shown in Figure 5.2, the model predictions match the 
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experimental data reasonably well. The validated model is utilized for further numerical 
simulations. 
 
5.5 RESULTS AND DISCUSSION 
In the following sections, the chemical stress induced by chemical-mechanical 
coupling in the considered button cell is systematically studied. Upon the chemical stress 
calculation, the failure probability is analyzed using Weibull theory and elastic energy.  
5.5.1 Distributions of oxygen vacancy site fraction and chemical stress in the cell 
In this section, the distribution of oxygen vacancy site fraction in the PEN 
structure is studied. The operating voltage of the cell is set at 0.4V as an example, the rest 
of the operating conditions are listed in Table 5.3. As shown in Figure 5.3a, the oxygen 
vacancy site fraction decreases from the anode surface towards the anode/electrolyte 
interface. The regime with high oxygen vacancy site fraction shows relatively large area 
towards the circumference of the button cell. Since humidified hydrogen is supplied to 
the anode, the anode is surrounded by the atmosphere with low oxygen partial pressure. 














oxygen vacancy site fraction increases. On the other hand, the oxygen ions transported 
from the cathode side would fill in some vacancy sites in the anode. Simulation results 
indicate that the ionic current density in the central area of the button cell is stronger than 
that in the circumference area. The combinational effects of low oxygen partial pressure 
and ionic current density lead to non-uniform distribution of oxygen vacancy site 
fraction. 
 
The profile of oxygen vacancy site fraction in LSCF phase is shown in Figure 
5.3b. The two regions are obtained by enlarging the locations at the center and edge of 
the cathode respectively because the cathode is very thin. Obviously, the oxygen vacancy 
site fraction shows relatively uniform distribution from the cathode surface towards the 
cathode/electrolyte interface and maintains at a low fraction of about 0.01. Approaching 








Electrolyte Symmetric axis 
Active area Inactive area (a) 
Figure 5.3 (a) Oxygen vacancy site fraction in LSCF; (b) 
Oxygen vacancy site fraction in GDC. 
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increase, and reaches the maximum value of 0.049 or equivalently 1485.5 mol/m
3
 at the 
cathode/electrolyte interface adjacent to the circumference of the cathode electrode. It is 
approximately six times higher than the vacancy site fraction (0.0066) on the surface of 
the cathode. The abrupt change might be attributed to the combinational effect of two 
factors. One is that the continuum condition of ionic hopping process has to be 
maintained at the cathode/electrolyte interface, i.e., the oxygen released from the LSCF 
should be equal to the oxygen gained by the GDC at the interface. However, the 
conductivity and the initial oxygen vacancy concentration of LSCF cathode are different 
from those of GDC. In order to maintain the continuum, the oxygen vacancy site fraction 
near the cathode/electrolyte interface has to be different from the rest regime within the 
cathode. 
Under the mechanical constraint of point-fixed at the anode surface center (Figure 
5.1b), the corresponding chemical stress distribution is shown in Figure 5.4. Here the 
magnitude of chemical stress is represented with different colours while the direction is 
indicated by arrows. The first principal stress is shown in Figure 5.4a and the third 
principal stress is shown in Figure 5.4b. Since the thickness of the cathode and electrolyte 
is very thin compared to the anode substrate, the stress distributions at the center and the 
circumference of the cathode as well as the circumference of the electrolyte are enlarged 
in order to clearly observe the details of the stress distributions. As can be seen from 
Figure 5.4a, the first principal stress is relatively uniform. There is a stress concentration 
area near the intersection point between the cathode circumference and the electrolyte. 
The maximum first principal stress in the cathode is about 106 MPa while that in the 
electrolyte is around 142 MPa, which is less than the uniaxial tensile strength of the 
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LSCF (180MPa) and GDC (250 MPa) respectively. The maximum first principal stress in 
the anode domain is about 15 MPa.  The distribution of third principal stress is shown in 
Figure 5.4b. Relatively uniform distribution can be observed except for the 
cathode/electrolyte interface, where high compressive stress takes place. The maximum 
third principal stress is -671 MPa in the cathode domain, -530 MPa in the electrolyte 













The profile of oxygen vacancy site fraction in Figure 5.3 clearly shows that 
oxygen vacancy concentration of LSCF phase at the cathode/electrolyte interface is 
relatively high, the GDC phase in the bottom part of the anode also shows relatively high 
oxygen vacancy concentration. The high oxygen vacancy concentration would lead to 
large volume expansion of bulk materials. However, the large volume expansions in these 
Figure 5.4 Principal stress distribution in the cell, (MPa): 




(i) (ii) (iii) 





two locations are constrained by PEN structure assembly, resulting in complicated 
chemical stress distribution in Figure 5.4. 
5.5.2 Deformation and chemical stress of the cell under different mechanical constraints 
The non-uniform distribution of oxygen vacancy fraction leads to different 
chemical expansions in different locations. Depending on specific mechanical 
constraints, the cell may have different deformations. In this section, the cell 
deformations are studied under the cell voltage of 0.4V and three different mechanical 
constraints (Figure 5.5). 
 
The three typical mechanical constraints are schematically illustrated in Figure 
5.5, which is originated from Atkinson 
[74]
. The mechanical constraint in Figure 5.5a 
could occur in a single test, in which the sealing material around the edge of supporting 
anode or current collector has little effect on the deformation of the cell. This mechanical 
constraint is denoted as point-fixed at the anode surface center. The mechanical 










Figure 5.5 Schematic diagram showing different 
mechanical constraints: (a) point fixed; (b) fixed; (c) 





this situation, the deformation of the cell is almost fully restricted. We denote this 
mechanical constraint as fixed. The mechanical constraint in Figure 5.5c could be the 
case, where a single cell is embedded into a stack but the friction force at the anode 
surface is not strong enough to restrict the deformation of the cell in radial direction. The 
mechanical constraint is called as roller-supported.    
 
Figure 5.6 shows the chemical strain distribution and deformation of the cell. For 
the mechanical constraint of (a), the regime near the anode circumference and surface has 
relatively large chemical strain, which cause the cell to bend upwards (Figure 5.6a). 
When the anode surface is mechanically fixed (b), the deformation is shown in Figure 
5.6b. Obviously the volume of the cell is expanded towards the z-direction and 
circumference. The regime of circumference shows very high chemical strains. With the 
mechanical constraint of (c), the volume of the cell expands in r-direction. One may see 




Figure 5.6 Deformation under different 
mechanical constraints (µm): (a) point fixed; (b) 




The corresponding chemical stress distributions are shown in Figure 5.7. Here the 
horizontal-axis is defined from the center of the anode surface towards the center of the 
cathode surface along z-direction, in which 0 µm ~700 µm is the anode domain, 700 µm 
~710 µm is the electrolyte domain, and the cathode domain is beyond 710 µm. The 
vertical-axis is the first principal stress (Figure 5.7a) and the third principal stress (Figure 
5.7b) respectively. With the mechanical constraint of (a), the maximum first principal 
stress reaches 15MPa in the anode domain, the maximum third principal stress reaches -
177MPa at the electrolyte/cathode interface. When the anode surface is fully fixed 
(constraint (b)), the first principal stress is relatively low and reaches the maximum value 
of 10 MPa in the anode domain. The third principal stress shows significant variations 
along the axial-symmetrical line. Near the anode surface, the third principal stress reaches 
-118 MPa and decreases towards the electrolyte. At the electrolyte/cathode interface, it 
shows an abruptly increases and reaches -174 MPa and then rapidly decreases to a 
relatively low value in the cathode domain. Under the mechanical constraint of (c), the 
first principal stress gradually increases from the middle point of the anode towards the 
electrolyte, and has an abrupt increase from 46 MPa to 139 MPa at the anode/electrolyte 
interface. At the electrolyte/cathode interface, the first principal stress shows an abrupt 
Figure 5.7  Parameter profiles along the symmetrical axis under different mechanical 




decrease from 139 MPa to -11 MPa. Beyond the electrolyte/cathode interface, the first 
principal stress increases and reaches to 35 MPa in the cathode. The corresponding third 
principal stress shows a large compressive value of -71 MPa near the anode surface and 
gradually decreases to 0 MPa in the rest of the anode domain and the electrolyte. The 
third principal stress suddenly increases to -160 MPa at the electrolyte/cathode interface 
and then gradually reduces to 0 MPa in the cathode. Obviously the mechanical 
constraints have significant effects on chemical stress distribution. In above three cases, 
the electrolyte/cathode interface shows an abrupt change of the third principal stress with 
relatively high magnitude.  
Table 5.4 Stress extremes for mechanical constraints 
 
Stress extreme, (MPa) Point fixed Roller Fixed 
Max_cathode 106.5 153.4 111.33 
Max_electrolyte 142 310.7 154.4 
Max_anode 16.5 73.8 61.1 
Min_cathode -671 -364.2 -639.5 
Min_electrolyte -530.5 -145.7 -491.65 
Min_anode -16.6 -72.8 -1372.5 
 
The stress extremes in each domain under three mechanical constraints are 
summarized in Table 5.4. For the point-fixed case (a), the maximum tensile stress (106.5 
MPa) occurs in the cathode and the maximum compressive stress (-671 MPa) also occurs 
in the cathode. For the roller constraint case, the maximum tensile stress (310.7 MPa) 
takes place in the electrolyte while the maximum compressive stress (-364.2 MPa) takes 
place in the cathode. When the anode surface is fixed, the maximum tensile stress (154.4 
MPa) is generated in the electrolyte while the maximum compressive stress (-1372.5 
MPa) is generated in the anode. Obviously the fully relaxed mechanical boundary 
condition may facilitate to reduce the maximum chemical stress generated in the cell. 
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According to above numerical results, one can see that the chemical stress in a 
single cell is attributed to two factors. One is the volumetric expansions of bulk materials 
induced by non-uniform oxygen vacancy concentration distribution; another one is 
mechanical constraint applied on the cell. To highlight the chemical stress induced by 
non-uniform oxygen vacancy concentration distribution while minimizing the effect of 
mechanical constraints, the point-fixed constraint (Figure 5.5a) is employed throughout 
the research unless otherwise indicated. 
5.5.3 Chemical stress under different operating conditions 
The oxygen vacancy concentration distribution in SOFCs is determined by 
operating conditions and involved multi-physicochemical processes. Accordingly the 
chemical stress occurred in the PEN structure is also significantly affected by these 
conditions. In this section, the chemical stress under different operating conditions is 
systematically studied. 
5.5.3.1 Cell potential effect on chemical stress 
Shown in Figure 5.8a and Figure 5.8b are the oxygen vacancy site fraction 
distributions along the axial-symmetrical line of the cell. Obviously the oxygen vacancy 
site fraction decreases from the anode surface towards the electrolyte. Similar trend can 
be observed from the electrolyte/cathode interface towards the cathode surface. It is 
known that oxygen is incorporated into the LSCF matrix at the cathode electrode and 
transported towards the anode electrode through the electrolyte. At the anode electrode, 
the mobile oxygen ions in the vacancies at the GDC surface are released through 
electrochemical reactions; the lattice oxygen in the GDC anode could also get lost due to 
low oxygen partial pressure in the anode. Combining these factors together, it is not 
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difficult to understand that the oxygen vacancy site fraction increases from the cathode 
towards the anode. It is interesting to note that the overall oxygen vacancy site fraction 
distribution in the anode-electrolyte regime increases with increasing the applied cell 
voltage, however, that in the cathode domain shows an opposite trend. When the applied 
cell voltage is high, the corresponding cell current is low. Accordingly the oxygen ionic 
current from the cathode to the anode is reduced. In other words, the number of mobile 
oxygen vacancies transported from the anode to the cathode is decreased. Therefore the 
oxygen vacancy site fraction increases in the anode but decreases in the cathode when the 
applied cell potential is increased.  
 
The non-uniform oxygen vacancy site fraction distribution leads to the fact that 
different locations in PEN assembly have different volumetric chemical expansions. The 
strains induced by chemical expansion are also confined with one another within PEN 
structure assembly, resulting in complicated chemical stress distribution. As shown in 
Figure 5.8 Parameter profiles along the symmetrical axis under different operating 
potentials: (a) oxygen vacancy site fraction in GDC, (b) oxygen vacancy site 







Figure 5.8c, the first principal chemical stress shows two peak values, which are located 
within the anode electrode and at the anode/electrolyte interface respectively. The third 
principal chemical stress shows a peak value at the electrolyte/cathode interface (Figure 
5.8d). Both the first and third principal stress increases with decreasing the applied cell 
voltage from 0.6V to 0.2V. 
 
To systematically study the applied cell voltage effects, the maximum first and 
third principal stress in each layer of PEN assembly are plotted in Figure 5.9.  The solid 
line represents the maximum first principal stress while the dashed line denotes the 
maximum third principal stress. With increasing the applied cell voltage, the maximum 
first and third principal stresses in the electrolyte and cathode domains decrease, 
however, those in the anode domain shows negligible variations. It is interesting to note 
that the maximum first principal stress (tensile) in the electrolyte domain is greater than 
that in the cathode domain, while the maximum third principal stress (compressive stress) 
in the cathode domain is higher than that in the electrolyte domain. These observations 
indicate that the electrolyte tends to fail under tensile stress while the cathode tends to fail 
under compressive stress. 
Figure 5.9 Stress extremes in each domain, (MPa) 
 
97 
5.5.3.2 Effect of fuel composition 
 
The fuel composition in the anode affects oxygen partial pressure, which in turn 
affects the oxygen vacancy boundary condition in the anode and oxygen vacancy site 
fraction distribution in the PEN assembly. Therefore the fuel composition would 
influence chemical stress occurred in SOFC. In this section, the fuel composition effect is 
studied. The applied cell voltage is set at 0.4V as an example. The hydrogen is used as 
the fuel with nitrogen as the balance gas in the anode. As shown in Figure 5.10, with 
increasing the molar fraction of hydrogen from 0.76 to 0.96, the oxygen vacancy site 
fraction shows a slight increase in both the anode and cathode domains. Because of these 
slight variations, it is anticipated that the chemical stress variation will not be obvious. As 
shown in Figure 5.11, with increasing molar fraction of hydrogen, the maximum first 
principal stress demonstrates a slight increase (solid lines), e.g., from 15MPa to 16MPa in 
the anode domain, from 133MPa to 142MPa in the electrolyte domain, and from 99MPa 
to 106MPa in the cathode domain. The maximum third principal stress also shows a 
slight increase (dashed lines), e.g., from -15MPa to -16MPa in the anode, from -499MPa 
Figure 5.10 Parameter profiles along the symmetrical axis with different 
fuel compositions: (a) oxygen vacancy site fraction in GDC, (b) oxygen 




to -530MPa in the electrolyte, and from -631MPa to -671MPa in the cathode 
respectively. 
 
5.5.4 Porous electrode effects on chemical stress 
Porous electrodes are composed of solid phase and void phase. The void phase in 
the electrodes affects not only reactant/product gas diffusion but also mechanical 
property, e.g., Young’s modulus, effective chemical expansion coefficient. In this 
section, the effects of porosity and tortuosity of electrodes on chemical stress will be 
studied. The applied cell voltage is still set at 0.4V as an example. 
5.5.4.1 Porosity effects 
To simplify numerical analysis, the porosity of anode electrode is assumed to be 
the same as that of cathode electrode. With increasing the porosity from 0.2 to 0.5, the 
oxygen vacancy site fraction shows a slight increase within the anode (150 μm – 650 μm, 
Figure 5.12a) and an obvious increase within the regime of 710 μm – 715 μm  in the 
cathode (Figure 5.12b). This observation indicates that more mobile oxygen ions are 
transported from the cathode side to the anode side, generating more oxygen vacancy site 
fraction. The high porosity renders the fuel/gas diffusion easy and improves 
electrochemical reactions. The enhanced electrochemical reactions consume more 
Figure 5.11 Stress extremes in each domain, (MPa) 
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oxygen ions in the anode electrode. Therefore more oxygen ions are transported from the 
cathode side to the anode, which is consistent with above observation. 
 
The corresponding chemical (first and third principal) stress distributions are 
shown in Figure 5.12c and d. With relative high porosity of 0.5, the first principal stress 
is pretty low. When the porosity is decreased from 0.5 to 0.2, the first principal stress in 
the anode domain shows the maximum value of -30MPa in the range of 0 – 150 μm and 
then becomes a tensile state with the maximum value of 30MPa in the range of 160 μm – 
600 μm. Near the electrolyte/cathode interface, the first principal stress rapidly increases 
and reaches a peak value at the interface, and then gradually decreases to zero towards 
the cathode surface. The third principal stress (Figure 5.12d) shows relatively low values 
in the PEN assembly except for those at the electrolyte/cathode interface, where 
Figure 5.12 Parameter profiles along the symmetrical axis with different 
porosities of the electrodes: (a) oxygen vacancy site fraction in GDC, (b) oxygen 







extremely high compressive stress occurs. With decreasing the porosity from 0.5 to 0.2, 
the peak value of the third principal stress increases from -100MPa to -225MPa at the 
interface. The high porosity could reduce the effective expansion coefficient and Young’s 
modulus of electrodes. Therefore the stress in the PEN assembly can be mitigated by the 
high porosity. It is worth mentioning that the anode electrode is much thicker than the 
electrolyte and cathode in the anode-supported button cell. The anode plays a dominant 
role on affecting chemical stress distribution in the PEN assembly.  
 
The more systematic results are shown in Figure 5.13, where the left and right 
vertical axis represent the first and third principal stress extremes respectively in the 
anode, electrolyte, and cathode domains. With increasing the porosity from 0.2 to 0.5, the 
first principal stress extreme (solid line) decreases from 201MPa to 78MPa in the 
electrolyte, from 173MPa to 50MPa in the cathode, and from 38MPa to 5MPa in the 
anode. The third principal stress extreme reduces from -848MPa to -258MPa in the 
electrolyte, from -1068MPa to -331MPa in the cathode, and from -48MPa to -5MPa in 
the anode respectively. It is easy to observe that the maximum first principal stress 
extreme takes place in the electrolyte while the maximum third principal stress extreme 
occurs in the cathode. 




5.5.4.2 Tortuosity effects 
The tortuosity is an important parameter characterizing the porous electrode 
property for gas diffusion. Figure 5.14 shows the tortuosity effects on principal stress 
extremes in the PEN assembly. With increasing the tortuosity from 7 to 10, the first 
principal stress extreme decreases from 146MPa to 137MPa in the electrolyte, from 
107MPa to 105MPa in the cathode, and the stress in the anode exhibits a slight increase 
from 15MPa to 17MPa. Similarly the maximum third principal stress reduces from -
540MPa to -521MPa in the electrolyte, from -680MPa to -662MPa in the cathode, and 
the stress in the anode slightly increases from -16.7MPa to -17.9MPa. Compared to the 
porosity effect, the tortuosity effect is negligible.  
5.5.5 Anode thickness effect on chemical stress 
In anode-supported SOFC designs, the anode electrode is relatively thick. 
Therefore the anode plays an important role on determining the deformation and 
chemical stress in the concerned button cells. In this section, the anode thickness is varied 
while the corresponding chemical stress is examined. 




The results are shown in Figure 5.15. Since the thickness of anode is different in 
each case, the horizontal-axis is normalized in order to obtain convenient comparisons, 
e.g., anode domain: 0 – 1, electrolyte domain: 1 – 2, and cathode domain: 2 – 3. With 
increasing the thickness of anode, the oxygen vacancy site fraction shows a slight 
decrease in the PEN assembly along the axial-symmetrical line (Figure 5.15a and b). The 
corresponding first principal stress demonstrates two peak values, which are located at 
the middle of anode and anode/electrolyte interface respectively. The peak value 
increases with increasing the thickness of the anode (Figure 5.15c). The third principal 
stress in the electrolyte domain increases with increasing the anode thickness (Figure 
5.15d). Interestingly, the third principal stress decreases at the electrolyte/cathode 
interface (Figure 5.15d) when the anode thickness is increased (Figure 5.15d).  
Figure 5.15 Parameter profiles along the normalized symmetrical axis with 
different anode thicknesses: (a) oxygen vacancy site fraction in GDC, (b) 
oxygen vacancy site fraction in LSCF; (c) first principal stress, (MPa); (d) 






The more systematic results are shown in Figure 5.16. With increasing the anode 
thickness from 500 μm to 1000 μm, the first principal stress extreme (solid line) 
decreases from 160MPa to 123MPa in the electrolyte domain and from 116MPa to 
96MPa in the cathode domain, but increases from 12MPa to 19MPa in the anode domain. 
The third principal stress extreme (dashed line) decreases from 160MPa to 123MPa in the 
electrolyte domain and from 116MPa to 96MPa in the cathode domain, but increases 
from -15MPa to -21MPa in the anode domain. Therefore high anode thickness in the 
anode-supported SOFCs favors decreasing the chemical stress in electrolyte and cathode 
domain.  
5.5.6 Failure probability analysis with tensile chemical stress 
Ceramics especially porous ceramics are brittle materials in nature and exhibit a 
statistical strength scatter due to preexisting cracks in bulk materials. To obtain high 
fidelity analysis under complicated chemical stress conditions, we need to consider both 
average material strength and the degree of strength scatter. This can be achieved by 
using Weibull failure analysis approach 
[153]
. For a bulk material subject to a uniaxial 
tensile stress σ, the survival probability can be calculated as, 
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)                              (5-30) 
Figure 5.16 Stress extremes in each domain, (MPa) 
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where V represents the volume of concerned bulk ceramics; the characteristic 
strength σ0 denotes the stress level at which the survival probability is 36.8%; the m is the 
Weibull modulus controlling the degree of strength scatter, a large value of m indicates a 
small scatter while a low value of m corresponds to a large degree of scatter; the term V0 
is a reference volume linked to the characteristic strength σ0. 
As demonstrated above, each of component layers in the button cell is subjected 
to multi-axial chemical stresses. If we assume that the three principal stresses play 
independent role on fractural failure of the cell, the total survival probability for each 
layer of PEN structure assembly can be calculated as the product of the survival 
probability determined from each of the three principal stresses, 
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where j denotes the anode, electrolyte, or cathode layer;         represents 
three principal stresses.  The failure probability then can be determined by subtracting the 
survival probability from 1.  


























With the Weibull approach, the failure probability of the button cell will be 
studied under different operating conditions based on chemical stress calculations in 
previous sections. The properties of SOFC materials associated with Weibull analysis are 
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listed in Table 5.5. Figure 5.17 shows the logarithm of failure probability of anode, 
electrolyte, and cathode layers under different cell voltages and hydrogen molar fractions 














 for the cathode layer (Figure 5.17a). While increasing the 














 for the cathode layer (Figure 5.17b). Therefore high cell operating 
voltage and low hydrogen content in the fuel may improve the reliability of button cell. 
However these may in turn decrease energy conversion efficiency of the cell. 
 
Figure 5.18 shows the effect of porous electrode property on failure probability. 
With increasing the porosity of electrodes from 0.2 to 0.5, the failure probability 









 for the anode (Figure 5.18a). Below the porosity of 0.4, the anode is a 
vulnerable component; while above the porosity of 0.4, the electrolyte and cathode 
become vulnerable components. When the tortuosity of electrode is increased from 7 to 
Figure 5.17 Logarithm of Failure probability in each domain as a function 






















The thickness effect of each layer in PEN structure assembly on failure 
probability is shown in Figure 5.19. Here the failure probability is calculated by varying 
the thickness of one layer while keeping the thickness of other two layers unchanged. 
Figure 5.18 Logarithm of Failure probability in each domain as a 
function of: (a) Porosity; (b) Tortuosity. 
(a) (b) 
Figure 5.19 Logarithm of Failure probability in each domain as a function of: (a) 





With increasing the anode thickness from 500 μm to 900 μm (Figure 5.19a), the failure 
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. When the cathode increases from 10 µm to 30 µm, the failure probability of the 
anode, electrolyte, cathode layers shows negligible variation (Figure 5.19b). Similarly the 
failure probability of each layer in the PEN structure assembly is not sensitive to the 
variation of the electrolyte thickness (Figure 5.19c). Therefore, the anode thickness plays 
an important role on determining the failure probability in the anode-supported button 
cell.  
5.5.7 Delamination failure analysis with elastic energy 
The Weibull approach can only take the tensile stress into account and is not able 
to handle the compressive stress. In the anode-supported SOFCs, the electrolyte layer and 
cathode layer are very thin. The delamination failure at the cathode/electrolyte interface 
is one of the typical failure modes for SOFCs 
[74]
. According to previous analysis, the 
cathode layer is subjected to compressive stress (the third principal stress) with 
significant magnitude. The compressive stress could contribute significantly to the elastic 
energy stored in the cathode layer, which in turn may have significant effect on 
delamination failure of the cathode/electrolyte interface. In this section, elastic energy 
stored in the thin cathode layer due to stress/strain is determined to analyze the 
delamination failure. Given the stress/strain generated in the cathode layer, the overall 
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here the   and   represent stress and strain respectively.  
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Since the cathode/electrolyte interface is the only boundary confining the 
deformation of the cathode, the total stored elastic energy in the cathode layer will play 
an important role on the delamination failure of the cathode/electrolyte interface. If the 
elastic energy is greater than the critical energy, the delamination would occur. 
 
Figure 5.20 shows the variations of elastic energy stored in the cathode layer 
under different operating conditions. As shown in Figure 5.20a, the operating voltage 
demonstrates significant effect on elastic energy of cathode layer: decreasing from 0.21 
J/m
2
 to 0.01 J/m
2
 with increasing the voltage from 0.2V to 0.7V; the effect of hydrogen 
molar fraction is negligible. Figure 5.20b clearly indicates that the elastic energy is 
reduced from 0.36 J/m
2
 to 0.02 J/m
2
 when the porosity of electrodes increases from 0.2 to 
Figure 5.20 Elastic energy in cathode, (J/m
2
), as a function of: (a) Operating 






0.5; the variation of electrode tortuosity doesn’t lead to obvious change of elastic energy. 
Figure 5.20c shows the thickness effect of each layer. With increasing the anode 
thickness from 500 µm to 1000 µm, the elastic energy increases from 0.07 J/m
2
 to 0.15 
J/m
2
. When the cathode thickness increases from 10 µm to 35 µm, the elastic energy is 
increased from 0.1 J/m
2
 to 0.14 J/m
2
. However, increasing the electrolyte thickness leads 
to the decrease of elastic energy from 0.12 J/m
2
 to 0.07 J/m
2
. Therefore, relatively thinner 
anode and cathode, and thicker electrolyte can mitigate probability of delamination 
failure at the cathode/electrolyte interface in anode-supported SOFCs. Given the critical 
bonding energy of 4 J/m
2
 at the cathode/electrolyte interface 
[74]
, none of above cases can 
lead to the delamination failure at the cathode/electrolyte interface. 
5.6 CONCLUSIONS 
A comprehensive model is developed to study chemical-mechanical coupling 
phenomenon in an anode-supported SOFC. The model for the first time links oxygen 
ionic transport process with chemical stress generated in the PEN structure assembly of a 
button cell under multi-physicochemical operating conditions. This is an important 
module complementary to the state-of-the-art electrochemical-thermal-mechanical 
modeling of SOFCs. The model is partially validated using the measured polarization 
performance, upon which systematic simulations are carried out. Results show that multi-
physicochemical operating conditions lead to non-uniform distribution of oxygen 
vacancy site fraction in the PEN assembly. Different oxygen vacancy concentration 
causes different volumetric expansion of bulk material. Therefore chemical stress occurs 
in PEN assembly. The chemical stress distribution is also strongly dependent on 
mechanical constraints applied on the cell. Without mechanical constraint, the peak value 
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of the first principal stress occurs within the anode electrode and at the anode/electrolyte 
interface; the third principal stress shows a peak value at the cathode/electrolyte interface. 
The chemical stress particularly the peak values of the first and third principal stress can 
be mitigated by increasing the cell operating voltage (i.e. decreasing cell current). The 
hydrogen molar fraction in the fuel shows slight effect on chemical stress. The porosity 
of electrodes shows significant effects on chemical stress. Bigger porosity can 
significantly decrease the extremes of first and second principal stresses in PEN 
assembly. The effect of electrode tortuosity is negligible on chemical stress. Larger anode 
thickness in the anode-supported SOFCs increases the chemical stress in the anode 
electrode but favors decreasing the chemical stress in electrolyte and cathode domain. 
The Weibull analysis shows that high cell operating voltage and low hydrogen content in 
the fuel may mitigate failure probability of PEN assembly. With relatively low electrode 
porosity, the anode electrode is a vulnerable component in the anode-supported button 
cell; with relatively high electrode porosity, the electrolyte and cathode layer become 
vulnerable components. Large anode thickness can mitigate failure probability of 
electrolyte and cathode layer but increase anode failure probability. The failure 
probability is not sensitive to the thickness variations of electrolyte and cathode layers. 
Relatively thinner anode and cathode, and thicker electrolyte as well as high operating 
cell voltage can reduce the elastic energy stored in the cathode layer and therefore 
mitigate the probability of delamination failure at the cathode/electrolyte interface in 
anode-supported SOFCs.  
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CHAPTER 6  
IMPEDANCE SPECTRA STUDY OF POLYCRYSTALLINE MIXED CONDUCTORS 
UNDER MECHANICAL STRESS: A CASE STUDY OF CERIA 
6.1 INTRODUCTION 
Doped ceria have been widely used as electrolyte materials for intermediate 
temperature solid oxide fuel cells, such as Sm0.2Ce0.8O1.9-δ (SDC), Gd0.1Ce0.9O1.95-δ (GDC) 
[154, 155]
. To study the doped ceria electrolyte property, symmetrical cell is generally 
fabricated, where the dense electrolyte is sandwiched by metal (e.g., platinum) electrode 
on either side. The electrochemical impedance spectroscopy (EIS) obtained from the 
symmetrical cell typically demonstrates a half tear-drop-shaped feature in the Nyquist 
plot. To interpret such EIS curves while extracting material properties such as bulk 
transport property and surface exchange rate for electrochemical reactions, EIS modeling 
approaches have been widely employed. At the early stage of EIS modeling development, 
equivalent circuit model (ECM) has been extensively employed 
[156-158]
. ECM is usually 
obtained by wiring up a set of resistors and capacitors to form an electrical network, 
representing physical processes in conducting ceramics. However, the electrical elements 
could be re-arranged in different ways in electrical network while still generating the 
same IS curve, rendering the interpretation of IS data ambiguous. To overcome this issue, 
the flux equations of charged species are used to map the physical processes in ceramic 
conductors with electrical elements in the network of ECM. This method is built upon the 
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original work of Warburg’s analysis 
[159]
, and since then is extensively advanced by 
Macdonald 
[160-164]
, Brumleve and Buck 
[165, 166]
, Jamnik and Maier 
[167, 168]
, and Horno et 
al. 
[169]
. Lai and Haile significantly advanced this modeling method for the interpretation 
of doped ceria impedance data 
[170]
. Ciucci et al. recently extended this EIS modeling 
method to the 2D ceria study 
[171]
. To interpret the half tear-drop-shaped EIS curve of 
symmetrical cells, another class of modeling method has also been explored, where the 
sinks/sources in materials are introduced into the model and the surface reaction steps of 





Sluyters-Rehbach and Sluyters 
[176]
, Robertson and Michaels 
[177]
, and the pioneering 
work of of Gerischer 
[178]
. 
When doped ceria electrolyte is embedded into the structure of solid oxide fuel 
cells (SOFCs), it would be subject to various loadings, such as thermal stress loading 
[51]
 
and chemical stress loading 
[62, 68, 139]
 as well as mechanical loading. The stresses have 
been identified as a major degradation mechanism limiting the industrial development of 
SOFCs. The conductivity of doped ceria could also be affected by the applied stresses. 
Araki has shown that the ionic conductivity of single crystal bulk YSZ material can be 
improved by applying external uniaxial tensile load 
[179, 180]
. The electrolyte materials in 
practical SOFCs are polycrystalline, composed of a large number of crystallites which are 
bonded together through highly defective boundaries.  We recently studied the 
conductivity of polycrystalline doped ceria under uniaxial tensile mechanical loads using 
four-probe and EIS techniques (the experimental will be reported in a separate research 
work). The EIS data from four-probe technique is not well interpreted, particularly for 
polycrystalline doped ceria under uniaxial tensile mechanical loads. 
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Built upon the approach developed by Lai and Haile 
[181]
, the advancement of EIS 
modeling is present and employed to interpret the EIS data of doped ceria (SDC) at 
elevated temperatures under uniaxial mechanical tensile loads. By fitting the model 
predictions with experimental data, the physical properties of polycrystalline SDC are 
extracted. The effects of mechanical stress on the conductivities of grains and grain 
boundaries are elucidated.  
6.2 DESCRIPTION OF DEFECT TRANSPORT PROCESSES IN MIECS AND EIS 
MODELING 
A mixed ionic and electronic conductor (MIEC) solid solution is capable of 
conducting multiple charged species. There are two fundamental equations governing 
such transport processes. One is the continuity of charged species, driven by the 
electrochemical potential. Another one is the Poisson’s equation relating the electrical 
potential field with the charges in the system. It is worth noting that the MIECs are 
usually polycrystalline in practical devices. Accordingly the Poisson’s equation within 
grain boundaries is modified using the grain boundary core-space-charge layer model. In 
the following sections, the governing equations are described in details. 
6.2.1 Charge Transport in MIEC solid solution 




                                                                                         (6-1) 
Where    is the electrochemical potential of species j; R the gas constant; T the 
temperature; xj the molar fraction of species j; zj the effective charge of species j; F the 
Faraday's constant;   the potential. 
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The driving force for charge transport in a solid solution is the gradient of 
electrochemical potential. According to non-equilibrium thermodynamics, the current 
density of a charged species in a solid solution driven by an electrochemical potential can 
be expressed as, 
    
       
  
                                                                                                      (6-2) 
Where         is the diffusion coefficient of the species j;   
is the mobility 
of the species j; cj is the concentration of diffusion component, e.g., oxygen vacancy, 
electron or hole. 
Substitution of Equation (6-1) into (6-2) gives, 
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                                                                      (6-3) 
Clearly, the diffusion of mobile defects in a solid solution is driven by the 
gradients of mobile species concentration and the electrical potential field. 
Substituting the Equation (6-3) into the equation of species conservation,  
   
  
 
          , we have, 
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  )                                             (6-4) 
Equation (6-4) is used to describe the transport process of charged species in a 
solid solution, e.g., oxygen vacancy and electron or hole. When the steady-state condition 
is considered, the first term at the left side of Equation (6-4) disappears.  
6.2.2 Poisson’s equation 
The overall charge density distribution is closely related to the electrical potential 
distribution within a grain domain and is described by the Poisson’s equation 
[181]
,  
     
   (   )
   
 ∑      (   )                                                               (6-5) 
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where    is the vacuum permittivity and    is the dielectric constant or relative 
permittivity of the material. 
As mentioned above, the doped ceria electrolyte is generally polycrystalline in 
practical SOFCs, consisted of grains and grain boundaries. The Poisson’s equation can 
mathematically describe the relations between the electrical potential distribution and 
charge density distribution in a grain. However, it cannot be directly used for grain 
boundaries due to the presence of space charge layer. 
 
A grain boundary is the crystallographic mismatch zone between two grains. The 
defect structure of grain boundaries is different from that of grains. Taking the 
Sm0.15Ce0.85O1.925-δ (SDC) material as an example, to achieve the thermodynamic 
equilibrium, Sm segregation takes place at the SDC grain boundaries. The segregation of 
Sm at the grain boundary leads to the depletion of oxygen vacancies and the 
accumulation of electrons, forming a space-charge layer. The space-charge theory is then 
suggested based on the experimental observations
[182]
. As shown in Figure 6.1, the grain 
boundary consists of a grain boundary core and two adjacent space charge layers. It is 
generally realized that compared to the concentrations of dopants, the concentrations of 
𝑥  









Figure 6.1 Schematic potential and concentration profiles in grain boundary 
𝑥    𝑥  ∞ 
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ions and electrons are negligible in the space charge region, i.e.,          
[183]
. 
Therefore the Poisson’s equation for grain boundary becomes, 
     
   (   )
   
                                                                                 (6-6) 
6.2.3 Perturbation analysis for impedance calculation 
In experiment, impedance is obtained by linear perturbation method. A periodic 
current perturbation with a small magnitude is applied to a steady state system. The 
corresponding voltage perturbation is measured.  By varying the frequency of current 
perturbations from very low to extremely high, a series of voltage perturbations are 
obtained. The impedance then can be calculated using the ratio between voltage 
perturbations and corresponding current perturbations.  
When a current perturbation is applied to an equilibrium system, all parameter 
variables involved in the system will have perturbations, such as electrical potential, 
species concentration, and charged species flux. Mathematically, we have 
{
 (   )   ( )    (   )
  (   )    ( )     (   )
  (   )    ( )     (   )
                                                                      (   ) 
where  ( ),   ( ), and   ( ) represent electrical potential, species concentration, 
and charge flux in steady state respectively while   ( ),    ( ), and    ( ) represent 
the corresponding perturbations. 
Substituting (6-7) into Equations (6-4) and (6-5), subtracting the corresponding 
steady state equations while neglecting the second-order terms, yield, 
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Here     (   )   (     )
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Since Equation (6-8) holds for each kind of charge species, summing up all kinds 
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Combining Equations (6-10) and (6-9), we obtain,   
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Equation (6-11) indicates that the total charge flux    ( ) is composed of every 
charge flux and a displacement flux      (   ) induced by time-varying electrical field, 
i.e.,  
   ( )  ∑    (   )       (   ), with        
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).     (6-12) 
To simplify the problem into a manageable form, we consider the case where the 
majority of mobile defects are vacancies and electronic species only. The Laplace 
transform of Equations (6-8) and (6-9) yields, 
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In the grain boundary,       (   )       (   ) terms on the right of Equation 
(6-15) disappear according to grain boundary core-space-charge layer model. It is worth 
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to notify that there are 6 unknowns: the profiles of  ( ),   ( ) and   ( ) under steady 
state, as well as their perturbations,   (   ),    (   ) and    (   ). 
The impedance spectroscopy then can be obtained using the perturbations of 
electrical potential and the total charge flux 
[184]
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6.3 MODEL SETUP, AND BOUNDARY CONDITIONS 
 
We consider a polycrystalline MIEC Sm0.2Ce0.8O1.9-δ (SDC) bar. The commercial 
Sm0.2Ce0.8O1.9-δ (SDC20) powders are uni-axially pressed at 200MPa and then sintered at 
1450
o
C for 10 hours. The dimensions of the sintered sample bar are 2 mm × 4.8 mm × 
24.2 mm as shown in Figure 6.2. The impedance response of the specimen under 
mechanical stress is measured using four-terminal technique. Four-terminal silver wires 
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Figure 6.2 Schematic representation of 










applied to the sample. The temperature of the specimen assembly is controlled by a test 
furnace in air. 
This experimental system is used as a physical base for mathematical model 
development. For simplification, one-dimensional (1-D) model is considered. As shown 
in Figure 6.3, the length of 1-D computational domain is 3.4mm and consists of grains 
and grain boundaries. It is assumed that the grains and grain boundaries are uniformly 
distributed. The grain size is 4 μm, therefore there are nearly 750 grains in the 
computational domain. The symmetric axis is located at x=0; and the silver electrode 
boundary is set at x=L/2. Here, GB represents grain boundary; GI is grain interior; SC is 
space charge; Ag is the silver wire. 
 
6.3.1 Charge transport boundary condition under steady state 
For charge transport in the solid solution, the elementary electrode kinetics is 
assumed and is taken into account by Change-Jaffe boundary conditions at the electrodes 
[167]
: 
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The superscript “eq” refers to the equilibrium value. The reaction rate constants    
for species j are vanishing in the limit of completely blocking electrodes and are very 

























high in the limit of completely reversible electrodes. Therefore, they have different values 
for different carriers. Since the silver is used as the current collector, which is a reversible 
electrode for electrons and a blocking electrode for ions respectively. Accordingly, the 
reaction rate constant for electrons is much larger than that for ions, which are shown in 
Table 6.1. 
Defining a charge transfer resistance,    , which relates the chemical potential 
drop at the interface to the flux across the interface,    
   
(   )
 
    
. For silver electrode, 
approximately that      and    has a finite magnitude. 
At x=0, all the charged species concentrations of the material system should be 
mirror symmetric with respect to the symmetric axis, accordingly, 
  (   )                                                                                             (6-18) 
6.3. 2 Electric potential boundary condition under steady state 
Under steady state conditions, there is no electric potential drop across the mixed 
conducting ceramic specimen. So the potential is 0 at both the symmetric axis and 
computational domain boundary:  
 (  
 
 
)   ; (   )                                                                     (6-19) 
However, when the space charge layers are considered in the model, there will be 
an electric potential introduced in each grain boundary by the positively charged grain 
boundary core, as displayed in Figure 6.1. Accordingly, the electric boundary in the space 
charge layer needs to follow the grain boundary core-space-charge layer model. 
In the grain interior region (   ∞), the potential is assumed to be zero; at the 
grain boundary core (    ), the potential reaches the maximum    .So the boundary 
conditions are chosen as: 
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 (    )    ,  ( 
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                                               (6-20) 
Here    is the width of arbitrary space charge layer. It is worth mentioning that 
there are 750 grain boundaries, the condition on each grain boundary needs to be applied 
appropriately.  
6.3.3 Boundary Conditions in frequency domain 
Under transit condition, charge transport boundaries are in the same formats as 
those under steady state in Equation (6-17) and (6-18), except that    and    is dependent 
on both x and t. Plugging Equation (6-7) into transit form of Equation (6-17) and (6-18) 
and employing the steady-state solution, we have, 
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The Laplace transform of boundary conditions (6-21) from time domain to 
frequency domain, gives, 
{
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However, under the assumptions of Chang-Jaffe boundary conditions, there is no 
capacitance explicitly due to the interface. If the ionic capacitance of the current 
collector/mixed conductor interface is not negligible, the boundary conditions can be 
written as: 
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  ) is the parallel resistance-capacitance (RC) circuit due to the 













 ∞. For oxygen vacancy,   (
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 . Here, a 
Constant Phase Element (CPE) is employed to take into account an imperfect capacitor at 
the current collector/mixed conductor interface.  
After employing the steady-state boundary (6-19), the electrical potential 
perturbation applied across the specimen is:   (   )   ;    (
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)(    ) . 
Laplace transform of these boundaries, we have, 
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The impedance spectroscopy of the material system can be determined as, 
   ( )  
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 )   (  ))
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Here, the impedance is doubled as we only compute the impedance in half of the 
material system, indicated by the symmetric axis simplification. 
6.4 NUMERICAL SOLUTION AND MODEL VALIDATION 
There are 6 unknown variables in Equation (6-13), (6-14) and (6-15), the profiles 
of  ( ),   ( ) and   ( ) under steady state, as well as their perturbations,   (   ), 
   (   ) and    (   ). The profiles of  ( ),   ( ) and   ( ) are first obtained using 
steady state equations. The steady state solutions then are used to Equations (6-13), (6-
14) and (6-15) to solve for the unknowns of three perturbations. Under a specified 
frequency, the profile of each perturbation is obtained by solving these three equations 
simultaneously. The impedance of the physical system is obtained according to Equation 
(6-25). The mathematical model is solved using commercial software package of 
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COMSOL Multiphysics 4.1a. The model parameters are listed in Table 6.1. The Partial 
Differential Equations (PDEs) with coefficient form are utilized for charge transport in 
MIEC and Poisson’s equation. The computational domain is discretized and refined until 
the mesh-independent solution is obtained. The final computational domain mesh 
consists of 51020 elements. The solution of the discretized equation is implemented by 
COMSOL solver (MUMPS). 
Model validation is an important step towards further high fidelity numerical 
analysis. Theoretically, the model predictions should be consistent with the experimental 
data over a wide range of operating conditions, including impedance responses and 
various parameter distributions. However, the distributions of the charged species and 
electric field cannot be easily obtained by present measurement techniques. In this study, 
the measurable impedance spectra are used to validate the model. The experimental data 
from open literature is first used to validate the model and determine the model 
parameters such as charge mobility and reaction rate constants for charged species. The 




Figure 6.4 Validation of Impedance for polycrystalline mixed conductor under 600
o
C 
A B C 
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Table 6.1 Physical parameters used in the model 
 
Parameters Lai’s experimental data  
In-house 
experimental data 
Dimension of the specimen Φ13.05mm×L0.65mm 
24.2mm×4.8mm×2m
m 





Grain Size, D* 6 μm 4-6 μm 
Width of space charge layer,   * 0.38nm 0.3nm 
Space charge potential Φ0*, 
  
    
     
 0.48V 0.38V 







Electron concentration, ce 8(0.21atm)/84(10
-22.26
atm) Detailed in Table 6.2 


















   (                      ) (cm2/V∙s) 





   (                      ) (cm2/V∙s) 
 
The experimental data of Sm0.15Ce0.85O1.925-δ (SDC15) from open literature Lai 
[184] 
was employed. In this experiment, the author measured the impedance spectra of a 
polycrystalline SDC pellet, with a diameter of 13mm and a thickness of 0.65mm, 
sandwiched by two identical patterned silver mesh current collectors. According to this 
experimental setup, we simulate the charge transport process and impedance response 
with consideration of 1-D situation in the thickness direction of the button cell. The grain 
size is assumed with 6nm and the space charge layer is assumed with 3.8   . Other 
parameters are shown in Table 6.1. The parameters denoted with “*” in Table 6.1 were 
adjustable so that the impedance curves predicted by the model can match with 
experimental results under identical operating conditions. The impedance spectra under 
600
o
C with high oxygen partial pressure 0.21atm and low oxygen partial pressure 10
-
22.26
atm were validated respectively. As shown in Figure 6.4, the simulation results are 
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consistent with the experimental data. This model is then used for further investigation of 
material system under different operating conditions.  
6.5 RESULTS AND DISCUSSIONS 
In the following sections, the impedance spectra are studied by the equivalent 
circuit of the system, which can guide the parameter selection and improve the efficiency 
of the fitting process. Then, the impedance spectra were interpreted for the SDC20 
specimen under stress-free and stressed conditions. The transport mechanisms of the 
SDC20 under mechanical stress were discussed. 
6.5.1 Impedance Study 
The impedance of the system was calculated according to Equation (6-25). The 
impedance curve then was obtained by specifying a series of frequencies and calculating 
the corresponding impedance. There are two subcircuits shown in the impedance curves 
of Figure 6.4. The “high-frequency subcircuit” only includes the contributions of the 
electrolyte components and thus can be characterized as “electrolyte subcircuit”. 
Theoretically there should be two subcircuts if the space charge regions exist at the grain 
boundaries. However, due to the fact that the capacitance of the grain interior is much 
smaller than that of the space charge layer, the one closer to the origin contributed from 
the grain interior is out of the frequency range we tested. So, the high-frequency 
subcircuit shown in the figure is contributed from the space charge layer and called the 
grain boundary arc. The “low-frequency subcircuit” in the figure includes contributions 
from both the electrolyte and electrode components. Under high oxygen partial pressures, 
it is typically a semicircular arc displaced from the origin and can be described as the 
electrode arc since the electrolyte components only contribute a displacement from the 
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origin, as indicated by the black line in Figure 6.4. Under low oxygen partial pressures, it 
will give a half-tear-drop (Warburg) arc displaced from the origin, as shown by the blue 
line in Figure 6.4. 
 
The equivalent circuit of the material system is shown in Figure 6.5. Here, GI 
represents grain interior; GB is grain boundary. This circuit has been discussed in the 
literature for a mixed conductor 
[168, 170]
. It is worth to further discuss the impedance at 
certain ranges of frequency limits and their corresponding physical characteristics. We 
separate the whole circuit into two subcircuits, a “low-frequency subcircuit” and a “high-
frequency subcircuit”. Then, there will be three intercepts, shown in Figure 6.4, 
including: D.C. limit (C), low-frequency limit (B) and high frequency limit (A).  
 At the D.C. limit (   ), all the capacitors are effectively open, the impedance 
of this circuit is : 
   (
 
          
  
 
    
)
  
 with    ∑   
  ( )    
  ( )                    (6-26) 
At high frequencies, both the capacitors     
  and   
  ( ) are effectively shorted. 
The resistors     
  ( ) and     
  ( ) of grain interior are in parallel and can be combined 
into a single resistor, 
Figure 6.5 A.C. equivalent circuit for polycrystalline mixed conductor 
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  ( )                                           (6-27) 
 From the above analysis, we can obtain that the intercept A close to the origin of 
the blue line in Figure 6.4 is determined by the ionic and electronic resistance in the grain 
interior from Equation (6-27). The intercept C is determined by the ionic resistance, 
electronic resistance in both grains and grain boundaries, and interface resistance for 
oxygen vacancy at the electrodes, indicated by Equation (6-26). These two equations can 
provide more guidelines in the fitting process. 
6.5.2 Parameter selection in the fitting process 
There are 11 independent unknown variables in the model, which include grain 
size D, the width of space charge layer,   , dopant concentration,   , electron 
concentration, ce, rate constant for vacancy and electron   , ionic and electronic mobility 
in SDC mj, parameters Ci and α in CPE, equivalent cross area A. By fitting the 
predictions of our mode to Lai’s experimental data in section 6.4, we obtain the ionic and 
electronic mobility in SDC15 material, which is consistent with the numerical expression 
listed in Table 6.1 from Lai. Due to the fact that SDC15 and SDC20 are produced from 
ceria oxide doped by different amount of samarium element, the ionic and electronic 
motilities under the same temperature should be the same for the two materials. The 
dopant concentration in SDC20 can be specified according to the dopant magnitude in 
SDC15 by linear interpolation. The grain size is estimated about 4-6μm based on the 
TEM images of the specimen. The reaction rate constant for electron is generally large, 
and can hardly affect the impedance compared to other unknown variables. Then, the 
unknown variables are reduced to 6. 
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In Table 6.1, we can find that there is a big difference of the reaction rate for 
oxygen vacancy between Lai’s data and our data. This is closely related to the different 
experimental setup. In Lai’s experiment, the oxygen reduction reaction occurs at the 
surface of the pellet, where the silver meshes are painted; whereas for our in-house 
prepared SDC specimen, the electrochemical reaction takes place in the adjacent area 
where the silver wires are bound, as shown in Figure 6.2. In addition, from the 
experimental setup in Figure 6.2, it is difficult to determine the equivalent cross area, as 
the current is collected by the silver wires bound on the surface of the plate. Then, it is 
treated as an unknown variable in the fitting process. 
At the high frequency limit, from Equation (6-27), the impedance is determined 
by the ionic and electronic resistance in the grain interiors. The ionic and electronic 
mobility are already specified through the validation process. Assuming electron 
concentration, ce, the equivalent cross area A is adjusted to match Zhigh of the 
experimental data. As the high-frequency (electrolyte) subcircuit represents the 
impedance of the space charge layer, the width of space charge layer,   , is a critical 
unknown variable to determine the shape of the subcircuit. So, in the fitting process, we 
fitted the high-frequency subcircuit first by varying ce and    , with A satisfying Equation 
(6-27). After the first subcircuit is perfectly matched with the experimental data, the low-
frequency subcircuit is fitted by changing the rate constant for vacancy   , and 
parameters of Ci, α in CPE, which are the three important parameters to determine the 
shape and location of the low-frequency subcircuit, as indicated in Equation (6-26). 
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6.5.3 Interpretation of impedance spectra under mechanical stress 
It is generally recognized that the migration of the oxygen ions in the grain 
interior can be accelerated by mechanical strain excitation. However, under practical 
condition, the mixed conductor usually has a polycrystalline structure with not only grain 
interiors but also grain boundaries. In practical applications, the bulk ceramic materials 
are subjected to mechanical stress induced by either thermal, chemical or sintering 
effects. The impedance responses of the specimen under stress-free and stressed 
conditions were measured respectively in atmosphere under different temperatures. Then, 
the mathematical model predictions are fitted to the experimental impedance curves. 
Accordingly the experimental data is interpreted. 
 







respectively. A 0.7MPa uniaxial tensile stress is applied to the specimen. And three set of 
impedance curves are obtained and shown in Figure 6.6, Figure 6.7 and 6.8.  
In Figure 6.6, by comparing the stress-free case to the stressed case, one can find 
that the major difference occurs at the high-frequency subcircuit: the intercept close to 
the origin of the high-frequency subcircuit (A) moves to the left side and the other one 














load is applied on the specimen. After fitting the experimental curves, the physical 
parameters are obtained from the model, which are listed in Table 6.2.  
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Width of space charge layer, 


































Coefficient in CPE, α 0.52 0.35 0.5 
*Italic texts represent the physical parameter variations from stress-free to stressed 
condition. 
We can see that from stress-free condition to stressed condition, ionic mobility, 
width of space charge layer and reaction rate constant for oxygen vacancy have been 
changed. The ionic conductivity increases by 1%, which contributes to the movement of 
the intercept close to the origin (A); the width of the space charge layer has been 
stretched by 2%, which leads to the increase of the equivalent radius of the high-
frequency subcircuit, and push the intercept towards to the right side due to the 
enhancement of ionic conductivity. In addition, the low-frequency subcircuit is affected 
by the variation of ionic conductivity as well, and its effect is canceled out by the change 
of the oxygen vacancy reaction rate constant. Therefore, the impedance variations 
introduced by mechanical stress indicate that under stressed state, mechanical stress can 
increase the ionic conductivity and stretch the space charge layer. As a result, the 
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C, as shown in Figure 6.7 and 6.8 respectively, 
the intercept close to the origin (A) shifts towards the left side and the equivalent radius 
of the high-frequency subcircuit increases as well. However, the intercept left-shift is 
much significant compared to the radius increase. Correspondingly from Table 6.2, we 
find that, under 550
o
C the ionic mobility is increased by 3%, however the width of space 
charge layer is only increased by 0.2%; under 500
o
C, the ionic mobility is enlarged by 
5%, and the width of space charge layer is increased by 1%. At the same time, the oxygen 
vacancy reaction rates in both cases decrease. 








A B C 








A B C 
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C in Figure 
6.6, 6.7 and 6.8, as well as the corresponding parameters in Table 6.2, there are three 
distinct features of the impedance evolution with respect to temperatures. Firstly, as the 




C, the high-frequency subcircuits expand while 
the low-frequency subcircuits shrink. This is because the resistance of the high-frequency 
(grain boundary) subcircuit is closely related to the ionic mobility of the material, which 
varies exponentially as a function of temperature. When temperature decreases, the ionic 
mobility decreases dramatically. Secondly, under higher temperature 600
o
C and stressed 




In conclusion, by applying external tensile load on the mixed ionic and electronic 
conductor, the ionic conductivity of the material is increased, and the space charge layer 
is stretched. According to solid mechanics investigation, the mechanical strength of the 
bulk material is generally much higher than that of the grain boundary. Therefore, when 
the bulk ceramic is subjected to stress, the grain is hardly deformed. However, the 
mechanical stress can improve the migration of oxygen ions, leading to the resistance 
decrease of the grain interior. Meanwhile the major deformation occurs in the grain 
boundary, and the resistance of the grain boundary is increased. 
6.5.4 Limitations of the analysis 
Even though the experimental and fitted impedance spectra in Figure 6.6 , 6.7 and 
6.8 are generally consistent, there are still some differences. First, under 600
o
C, the fitted 
curve does not intercept with x axis at high-frequency side. Second, there appears to be 
some mismatch at the low-frequency region of the semicircular arc in all cases. 
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There are several possible reasons causing the deviations. Firstly, we proposed a 
one-dimension model. Secondly, the current is only collected by the silver wire bound on 
the surface of the SDC specimen, so the cross section area is difficult to determine. In our 
model, it is deduced by    
 
 
. Thirdly, for simplicity, both the grains and grain 
boundaries are assumed to be uniformly distributed throughout the entire computational 
domain. However in practical SDC, some distribution might exist. Finally, the inductive 
effect is not considered in our model. 
6.6 CONCLUSIONS 
In this research, we applied the continuum model with the space charge layer to 
simulate the impedance response of the mixed conductor SDC specimen under 
mechanical stress. The model was fitted to the experimental data, and the physical 
property variations under applied loads are interpreted. It indicates that by applying 
tensile load on the mixed ionic and electronic conductor, the ionic conductivity of the 
material is increased, and the space charge layer is stretched. The overall resistance of the 
ceramic maintains constant by the combined effects. In addition, as temperature 
increases, the increase of the width of the space charge layer is more significant; the 
increase of ionic mobility becomes less apparent.  
 
134 
CHAPTER 7  
SUMMARY AND FUTURE PLAN 
7.1 SUMMARY 
In this research, innovative models of SOFCs were developed to study the 
chemical-mechanical coupling phenomena subjected to the effects of complicated multi-
physicochemical processes. The structural reliability due to chemical stress was evaluated 
and correlated to different operating conditions of SOFCs. In addition, the effect of 
mechanical stress on electrical properties of MIEC was investigated by impedance 
spectra. 
The defect transport process in conducting ceramics and non-stoichiometric 
conditions are closely related to the multi-physicochemical processes in SOFC devices. 
In chapter 2, a 2D transient mathematical model is developed for regenerative solid oxide 
cells. The model is employed to investigate complicated multi-physics processes during 
the transient process of mode switching. Simulation results indicate that the trends of 
internal parameter distributions, including H2/O2/H2O and ionic potentials, flip when the 
operating cell is switched from SOFC mode to SOEC mode. However, the electronic 
potential shows different behaviors. At H2 electrode, electronic potential keeps at zero 
voltage level, while at O2 electrode, electronic potential increases from a relatively low 
level in SOFC mode to a relatively high level in SOEC mode. Transient results also show 
that an overshoot occurs for mass fraction distribution of water vapor at H2 side when the 
operating cell switches from SOFC mode to SOEC mode. The mass fractions of O2 and 
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H2 as well as charge potentials (electronic and ionic) may quickly follow the operating 
mode changes. The simulation results presented facilitate the internal mechanism 
understanding for regenerative SOFCs. 
Due to degradations, the electrode layer of SOECs might be detached from the 
electrolyte layer, leading to delamination phenomenon. While this phenomenon is 
observed in post-test stacks, quantitative understanding of delamination effects may 
facilitate to evaluate SOEC performance tolerance on such failures. In chapter 3, the 2D 
CFD model in chapter 2 is applied in SOEC mode to investigate the sensitivity of 
electrolysis performance to deliminations occurred at oxygen electrode/electrolyte 
interface. Results indicate that delaminations significantly influence local charge current 
density distributions since the charge transport path is cutoff. In both parallel flow and 
counter flow settings, electrolysis performance is more sensitive to the delamination 
occurred at the center of the cell than those occurred at the edges of the cell. 
To better understand the mechanical failure of delamination at cathode/electrolyte 
interface, in chapter 4, a micro model is developed to study the cathode/electrolyte 
interfacial stresses. The model considers the complicated interactions between structural 
mechanics and ionic transport process through conductive defects. While both the 
chemical and thermal stresses are complicated at the interface, the chemical stresses show 
different distribution patterns from the thermal stresses. The results of combined thermal 
and chemical stresses show that these two kinds of stresses can be partially canceled out 
with each other, leading to the reduced overall stresses at the cathode/electrolyte 
interface. The distributions of oxygen partial pressure and thus the oxygen vacancy 
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concentration on the cathode particle surface have significant effects on chemical stress 
distribution and consequently on the principal stresses at the cathode/electrolyte interface. 
In chapter 5, a comprehensive model is developed to study chemical-mechanical 
coupling phenomenon in an anode-supported SOFC button cell. The model for the first 
time links oxygen ionic transport process with chemical stress generated in the PEN 
structure assembly of a button cell under multi-physicochemical operating conditions. 
This is an important module complementary to the state-of-the-art electrochemical-
thermal-mechanical modeling of SOFCs. The model is partially validated using the 
measured polarization performance, upon which systematic simulations are carried out. 
Results show that multi-physicochemical operating conditions lead to non-uniform 
distribution of oxygen vacancy site fraction in the PEN assembly. Different oxygen 
vacancy concentration causes different volumetric expansion of bulk material. Therefore 
chemical stress occurs in PEN assembly. The chemical stress distribution is also strongly 
dependent on mechanical constraints applied on the cell. Without mechanical constraint, 
the peak value of the first principal stress occurs within the anode electrode and at the 
anode/electrolyte interface; the third principal stress shows a peak value at the 
cathode/electrolyte interface. The chemical stress particularly the peak values of the first 
and third principal stress can be mitigated by increasing the cell operating voltage (i.e. 
decreasing cell current). The hydrogen molar fraction in the fuel shows slight effect on 
chemical stress. The porosity of electrodes shows significant effects on chemical stress. 
Bigger porosity can significantly decrease the extremes of first and second principal 
stresses in PEN assembly. The effect of electrode tortuosity is negligible on chemical 
stress. Larger anode thickness in the anode-supported SOFCs increases the chemical 
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stress in the anode electrode but favors decreasing the chemical stress in electrolyte and 
cathode domain. The Weibull analysis shows that high cell operating voltage and low 
hydrogen content in the fuel may mitigate failure probability of PEN assembly. With 
relatively low electrode porosity, the anode electrode is a vulnerable component in the 
anode-supported button cell; with relatively high electrode porosity, the electrolyte and 
cathode layer become vulnerable components. Large anode thickness can mitigate failure 
probability of electrolyte and cathode layer but increase anode failure probability. The 
failure probability is not sensitive to the thickness variations of electrolyte and cathode 
layers. Relatively thinner anode and cathode, and thicker electrolyte as well as high 
operating cell voltage can reduce the elastic energy stored in the cathode layer and 
therefore mitigate the probability of delamination failure at the cathode/electrolyte 
interface in anode-supported SOFCs. 
In chapter 6, we applied the continuum model with the space charge layer to 
simulate the impedance response of the mixed conductor SDC plate under mechanical 
stress. The model was fitted to the experimental data, and the physical property variations 
because of applied loads are interpreted. It indicates that by applying tensile load on the 
mixed ionic and electronic conductor, the ionic conductivity of the material will be 
increased, and the space charge layer will be stretched. The overall resistance of the 
ceramic maintains constant by the combined effects. In other words, to be benefited from 
the mechanical stress one has to avoid or minimize the grain boundary deformation. 
7.2 OUTLOOK 
In this dissertation, the multi-physicochemical models of SOFCs was built to 
study multi-physics transport processes and related chemical and thermal stresses as well 
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as reliability analysis. The model validation is critical step for further high fidelity 
numerical analysis. It is still a challenge issue on how to comprehensively validate the 
multi-physicochemical model coupled with mechanical stress. In this respect, more 
experiments are needed to identify the oxygen vacancy distribution and the deformations 
of solid oxide fuel cell under operating condition. Furthermore, chemical stress generated 
in the transient processes, such as system startup, shutdown and load fluctuation, need to 
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